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1.1.  In'roduction/Summary 

The  studies  and  analysis  discussed  in  the  quarterly  reports  on  the  program  (Sections 
2  and  3)  indicate  that  there  are  strong  advantages  for  the  use  of  high  temperature 
superconductors  for  the  signal  interconnections  in  large,  very  high  density 
2-dimensional  multi-chip  modules  of  the  types  illustrated  in  Fig  1-1.  MCMs  is 
described  in  detail  in  Section  3.1,  an  analysis  of  the  number  of  signal  interconnect 
layers  versus  MCM  size  for  maximal  density  (surface  "tiled"  width  IC  chips  with 
minimal  spacing  between  them)  square  MCMs.  The  comparison,  between  room 
temperature  copper  and  HTSC  interconnect  materials,  is  based  on  a  number  of 
assumptions  described  in  detail  in  that  section.  The  assumptions  include:  1)  chip 
TO  counts  uetermined  from  Rent’s  rule  as  published  by  IBM  for  high  performance^ 
chips  (eg.  370  I/O's  for  a  10,000  gate  chip,  taken  to  be  0.6  cm  square),  2)  average 
wire  lengths  fiom  Donath  model  with  Rent’s  rule  exponent  of  p  =  2/3,  3)  a 
conductor  width  of  W,  a  thickness  of  W/2  and  spacing  of  3\V,  where  W  is  the  same  for 
all  conductors  and  selected  to  meet  line  resistance  limitations.  4)  a  409c  utilization 
of  theoretical  channel  space  by  actual  interconnects  (40%  wiring  efficiency),  5)  the 
longest  line  does  not  exceed  two  times  the  MCM  size  (ie.,  corner  to  corner  line  with 
“Manhattan"  wiring  with  no  "wrong  way"  routing.  6)  both  the  dc  and  300  MHz  ac  (eg; 

3rd  harmonic  of  a  100  MHz  clock;  copper  skin  effect  losses  get  worse  as  the  square 
root  of  frequency),  7)  a  room  temperature  bulk  resistiMty  (1.68//  Q-cm)  value  is 
a'isunied,  and  8)  a  maximum  allowable  resistance  for  the  worst  case  line  of  10  ohms  .  .,j 
(adequately  small  in  comparison  to  the  characteristic  impedance  for  either 

j  .  »  1 

load-terminated  or  source-terminated  interconnects). 
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Maximal-Density  HTSC  MCM  “System  on  a  Substrate 
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As  described  in  the  text,  the  analysis  indicates  that  under  these  assumptions,  a  6-inch 
square  MCM  tiled  with  lOK  gate  chips  mounted  on  a  0.635  cm  pitch  would  hold  576 
chips  (24  rows  and  columns),  but  would  require  62  layers  of  room  temperature 
copper  signal  lines  to  complete  the  over  100,000  interconnects  between  chips.  With 
the  usual  triplate  configuration  (one  layer  of  X  and  one  layer  of  Y  direction  signal 
lines  sandwiched  between  pairs  of  ground  [reference]  planes),  the  total  number  of 
metal  (including  ground)  layers  would  be  93!  While  IBM  uses  63  layers  for  their 
Enterprise  System  9000  modules,  these  have  available  a  full  set  of  "E-C" 
(engineering  change)  pads  on  the  surface  with  which  patch  and  repair  strategies  can 
be  executed.  (These,  of  course,  greatly  reduce  the  number  of  chips  that  can  be 
mounted  on  the  .MCM  -  eg.,  121  for  the  5"  IBM  boards).  Creating  defect-free  boards 
with  93  metal  layers  would  appear,  from  a  manufacturing  standpoint,  highly 
un-feasible,  to  say  the  least. 

With  high  temperature  superconducting  interconnects,  on  the  other  hand,  this  same 
maximal  densin  6"  MCM  can  be  wired  using  only  2  levels  of  signal  interconnects 
(one  "X"  and  one  "Y").  This  is  possible  by  reducing  the  width  of  the  signal  lines  to 
levels  (eg.,  W  or  ==  1.5  um-2um)  limited  by  photolithography  rather  than  line 
resistance  (W  or  =  50  //m  for  copper).  Obviously,  even  with  only  two  signal 
interconnect  lasers  it  will  not  be  easy  to  make  the  1.5  miles  of  signal  lines  on  a  6" 
MCM  completely  free  of  defects,  but  with  only  one  X  and  one  Y  layer  of  lines,  it 
should  be  practical  to  develop  laser  or  other  repair  strategies  to  handle  modest 
numbers  of  defects  aftei  completion  of  the  boards. 

The  attraction  of  the  HTSC  interconnect  MCM,  then,  is  that  large  "system  on  a 
substrate"  sized  maximal  density  MCMs  could  be  simply  manufactured  with  only  two 
signal  layers  (using  board  repair  strategies  to  deal  with  material  and  processing 
defects).  The  payoff  for  putting  everything  in  the  same  Ist-level  (MCM)  package  is 
avoiding  the  large  inter-package  delays  involved  in  passing  through  the  second  level 
(eg.,  circuit  board  level)  of  packaging  when  the  IC  chips  must  be  divided  among 
many  MCMs.  Smce  usually  the  interconnect  delays  are  not  more  than  25%  to  40% 
of  the  cycle  time,  simply  reducing  interconnect  delays  without  corresponding 
reductions  in  the  logic  delays  in  the  ICs  would  not  buy  that  mK'"i  in  the  way  ci  sys  sm 
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performance.  (In  principle,  however,  sharply  reducing  the  required  total  MCM  area 
and  the  number  of  MCMs  [typically  to  only  one],  and  largely  eliminating  a  whole 
level  of  packaging,  should  be  capable  of  sharply  reducing  system  costs  [offset  to 
some  degree  by  the  cost  of  cryogenic  cooling]).  In  fact,  however,  suitably  designed 
IC  chips  have  much  shorter  logic  delays  when  operated  at  liquid  nitrogen  (77°K) 
temperature  than  when  operated  at  room  temperature  (2X  to  3X  faster  for  CMOS 
is  frequently  cited).  Hence,  by  shortening  both  the  logic  delay  (which  taken  by  itself 
would  not  be  too  effective  if  the  interconnect  delay  were  not  changed)  and  at  the 
same  time  reducing  the  interconnect  delay  (by  mounting  everything  on  a  single 
maximal  density  MCM),  adoption  of  the  HTSC  MCM  approach  could  lead  to  up  to 
3X  speed  improvements  at  the  system  level.  Remembering  that  if  the  speed  of  a 
$1M  machine  is  increased  3X  it  is  worth  at  least  $3M  (sometimes  much  more  than 
that),  it  would  appear  that  there  is  plenty  of  value  margin  to  pay  for  the  cost  and 
inconvenience  of  having  to  do  cryogenic  cooling. 

Having  established  the  motivation  for  undertaking  HTSC  MCM  development,  the 
next  question  to  address  is  whether  it  is  possible  to  make  maximal  density  HTSC 
'CMs.  As  is  noted  at  length  in  Section  3.2,  because  the  digital  pulse  signal  currents 
arc  typically  of  the  order  of  20mA,  with  a  line  width  of  only  1.5  to  2/^m  ,  the  signal 
current  densities  (J^  ==  10^  A/cm’)  and  induced  magnetic  field  densities  (  ~  100 
Gauss)  are  high  (though  within  the  ranges  demonstrated  for  high  quality  HTSC 
MCM  materials  at  77°K),  necessitating  the  use  of  top  quality  HTSC  films  for  the 
signal  lines.  Such  quality  levels  are  currently  obtained  in  highly  oriented  (essentially 
epitaxial)  HTSC  films.  As  shown  in  Fig  1-2,  even  the  simplest  practical  HTSC  MCM 
structures  require  at  least  4  HTSC  layers,  separated  by  optimized  dielectric  constant 
insulator  layers.  These  HTSC  materials  such  as  YBCO  and  "Thallium"  are  complex 
structured  ceramics,  very  carefully  prepared  to  obtain  high  performance.  This  is  a 
far,  far  cry  from  the  simple  organic  or  amorphous  dielectrics  and  evaporated, 
sputtered  or  plated  metal  interconnect  lines  used  ip  conventional  MCMs. 
Obviously,  substantial  advancements  in  the  art  and  technology  of  HTSC  materials 
growth  and  processing  will  be  required  to  make  HTSC  MCMs.  In  particular, 
preparation  of  HTSC  layers  for  signal  lines  on  relatively  low  dielectric  constant 
insulating  materials  will  be  required  in  order  that  the  signal  propagation  velocities 
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(which  vary  as  )  not  be  compromised.  Fortunately,  as  shown  in  Fig.  1-2,  it  is 
possible  to  grow  the  first  3  layers  of  the  HTSC  MCM  structure  (power,  high  thin 
dielectric,  ground,  low  thick  dielectric  and  the  first  signal  plane)  "in-situ"  (ie., 

without  removing  from  growth  system).  The  signal  line  must  be  patterned  and  the 
next  low  dielectric  constant  layer  deposited  (and  planarized  if  necessary)  before  the 
top  signal  interconnect  HTSC  layer  is  grown  and  patterned.  Note  that  the  use  of  a 
thin  (  ~  1000  A°  or  so  )  SrTi03  layer  (  =  1000)  betw'een  the  power  and  ground 

planes  will  give  a  power  supply  bypassing  of  about  l//F/cm^  which  is  an  enormous 
advantage.  Because  there  is  no  need  (or  really  desire)  to  have  the  line  resistance  be 
zero  (under  lOQ  for  the  longest  lines  will  suffice),  the  vis  and  pad  layers  can  be 
normal  metals  as  long  as  the  quality'  of  the  small  area  contacts  to  the  HTSC  Lyers  is 
good.  (Jack  Ekin  at  NIST,  Boulder  has  n.  de  Ifim  x  contacts  to  YBCO  which 
handle  at  least  30mA  w'ith  only  30  milliohms  resistance,  so  this  seems  do-able.)  As 
shown  in  Fig.  1-2,  such  inter-layer  vias  can  be  processed  last  by  "going  over  the  top" 
with  the  final,  pad  layer  of  normal  metal  (presumably  repairs  after  completion  can 
be  done  in  the  same  way).  Hence  it  appears  that  HTSC  MCMs  can  be  realized  by 
fairly  straightforward  structures,  though  the  actual  technology  development  work 
might  lead  to  functionally  equivalent  structures  quite  different  from  Fig.  1-2.  In  any 
event,  the  demands  on  the  HTSC  growth  and  processing  technologies  will  be  severe. 
Table  1-1  reviews  many  of  the  demands  on  the  HTSC  technology  for  this  ultra  high 
density  MCM  application. 

Assuming  that  a  viable  HTSC  MCM  technology  can  be  realized  as  a  new  advanced 
packaging  technology  (and  the  probability  that  this  can  be  done  appears  to  be 
getting  better  all  the  time),  how  would  it  fit  in  with  more  conventional  and 
alternative  advanced  packaging  approaches  in  the  world  of  MCM  system 
applications?  Table  1-2  gives  an  overx’iew  of  this  comparison.  Normal  metal 
interconnect  technologies  include  both  the  "conventional"  2  to  6  signal  layer 
inexpensive  MCMs  (as  manufactured,  for  example,  by  n-CHIP)  and  the  "exotic"  10 
to  40  signal  layer  MCMs  (like  the  IBM  Enterprise  System  9000  MCMs  mentioned 
previously).  Conventional  metals  will  also  be  used  (at  least  initially)  for  the  signal 
interconnects  in  the  diamond  substrate  3-dimensional  interconnected  advanced 
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Example  of  Simple  HTSC  MCM  Cross-Section 
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MCM  packaging  technology.  In  this  approach,  many  thousands  of  vertical 
interconnects  are  distributed  over  the  areas  of  typically  4"  x  4"  diamond  substrate 
MCM  boards  which  have  large  numbers  of  vertical  vias  through  them,  permitting 
arbitrary  high  density  X  -  Y  -  Z  routing  of  signals  in  the  stack  of  boards.  With  a 
vertical  stacking  pitch  of  the  boards  of  2mm,  there  might  typically  be  50  boards  in  a 
4"  X  4"  X  4"  cube  module.  (The  incredibly  high  thermal  conductivity  of  diamond  is 
used  to  conductively  extract  the  heat  generated  by  the  logic  chips  from  the  3-D 
module.)  Because  the  interconnect  distances  between  chips  are  so  short  in  3-D,  this 
technology  is  expected  to  be  the  speed  champion,  and  it  can  support  up  to  several 
thousand  VLSI  chips  per  module.  On  the  other  hand,  the  large  number  of  vertical 
interconnections  and  vias  required  for  3-D  will  be  more  costly  than  if  the  requisite 
number  of  chips  can  be  packed  on  one  2-D  substrate. 

The  HTSC  MCM  technology  represents  a  very  cost  effective  approach  to  achieving 
almost  diamond  3-D  levels  of  performance  and  numbers  of  VLSI  chips  in  a  very 
simple,  straightforward  way  (given  that  the  HTSC  boards  can  be  manufactured  and 
convenient  cr>'ogenic  coolers  developed).  HTSC  MCM  boards  require  only  2  levels 
of  signal  interconnects  which  should  make  testing  and  debugging,  as  well  as  bare 
board  repair),  fairly  easy.  HTSC  MCMs  of  the  order  of  6"  to  8"  (150mm  to  200mm) 
on  a  side  should  hold  500  to  1000  VLSI  die.  While  only  CMOS  or  GaAs  chips 
currently  function  properly  at  80°K,  in  the  future.  Si  -  Ge  "strained  layer" 
heteroepitaxial  ECL  or  BiCMOS  technologies  may  also  be  useable.  However, 
because  of  the  cryogenic  speed  enhancement  of  CMOS,  near-ECL  speeds  can  be 
obtained  with  this  workhorse  VLSI/ULSl  IC  technology,  enabling  a  very  high  level 
of  system  performance  to  be  realized  in  a  very  cost  effective  (particularly  considered 
on  a  price  /  performance  basis)  way.  That  is,  of  course,  why  there  is  so  much 
excitement  about  HTSC  MCMs. 
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1.1.1.  Potential  for  Possible  Technology 
Alternatives  for  HTSC  MCMs 


It  is  important  to  remember  that  the  reason  for  the  attractiveness  of  HTSC  MCM 
packaging  in  terms  of  system  performance,  low  cost,  small  size,  etc.,  has  nothing  to 
do  with  the  interconnects  being  superconducting  per  se.  It  is  just  the  fact  that  the 
chips  operate  faster  at  80°K  and  that  the  use  of  HTSC  interconnects  allows  all  of 
them  to  be  placed  essentially  shoulder  to  shoulder  on  a  single  very  large,  very  high 
density  MCM  which,  because  only  2  signal  layers  are  required,  should  be  reasonably 
easy  to  manufacture,  test  and  repair.  If  by  some  means  it  were  possible  to  invent 
some  other  new  technology  or  combination  of  technologies  which  could  duplicate 
this  same  MCM  size  and  density  (and  also  operate  at  cryogenic  temperatures)  and 
also  be  manufacturable,  testable  and  repairable,  then  it  could  serve  as  well.  Of 
course,  these  alternatives  may  themselves  be  more  difficult  to  develop  than  HTSC 
MCMs,  or  have  other  disadvantages,  but  they  are  worth  considering. 

The  first  alternative  would  be  copper  interconnects  cooled  to  80°K.  For  pulse  rise 
times  in  the  40ps  to  0.4ns  range,  the  maximum  signal  frequency  components  are  in 
the  10^  to  10’°  Hz  range.  While  room  temperature  copper  {p  =  1.68  a  Q-cm)  has  a 
surface  resistance,  of  8.3  mQ  at  10°  Hz  or  26  mQ  at  10‘°  Hz,  at  77°K  the  falls 
to  about  3.9  mQ  at  10°  Hz  or  14  mQ  at  10’°  Hz,  about  a  factor  of  2  improvement 
(these  are  measured  Rg  values,  not  simply  scaled  from  the  =  5  x  reduction  in 
resistivity  from  300°K  to  77°K).  To  keep  the  series  resistance  of  a  wire  of  width  W 
and  length  L  to  some  maximum  value,  we  must  have,  from 


P  —  ^  n 

^MAX  2W 


Eq.  1 
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(ignoring  the  nonuniform  current  distribution  on  the  wire  and  the  area  of  the 
sidev'alls  make,  Eq.  1  approximate,  but  fairly  accurate),  so  that  the  minimum  width 
makes  Eq.  1  W^,,j  for  a  line  is  given  by 


W 


^lAX 


MIN 


2R 


MAX 


Eq.  2 


For  example,  for  a  6"  MCM  =  iz  and  taking  =  lU  Q  ,  for 

77°K  copper  would  be  =  59.4 /tm  (2.34  mils)  at  10“^  Hz  or  =  213um  wm 
(8.4  mils)  at  1(F°  Hz. 

The  analysis  of  the  number  of  signal  layers  required  for  a  maximal  density  MCM 
discussed  previously,  and  presented  in  detail  in  Section  3.1  assumed  a  very  modest. 
Ins  signal  rise  time,  using  a  300  MHz  frequency  for  the  300°K  copper  skin  depth 
calculation.  For  that  case,  a  =  45.6  ,nm  line  width  was  required  for  Rv.lax  ~ 
10  Q  on  the  6"  MCM,  which  led  to  the  requirement  for  62  signal  layers  or  93  total 
conductor  layers.  AT  77°K,  then,  for  these  relatively  low  300  MHz  frequency 
components  (short  channel  CMOS  at  77°K  will  be  much  faster  than  Ins),  the 
number  of  copper  layers  could  be  halved  (to  46  total),  but  considering  more  realistic 
UT  frequency  components  to  be  necessary,  it  would  still  require  about  the  93  layers 
shown  in  the  analysis.  (The  analysis  was  very  kind  to  copper  in  assuming  an  effective 
wire  periphery  of  2W  +  2t  =  3W  t  for  t  =  W/2,  whereas  current  crowding  makes 
Eqs.  1  and  2  [which  assume  a  2\V  periphery]  actually  closer  to  correct.)  H'^nce,  even 
copper  cooled  to  77°K  requires  a  very  large  number  (probably  un-manufacturable 
number)  of  signal  layers  to  create  large  (eg.  6")  maximal  density  MCMs.  It  should 
also  be  noted  that  no  one,  in  my  awareness,  has  demonstrated  that  a  "conventional" 
copper  polyimide,  (for  example),  MCM  with  many  layers  will  be  reliable  in 
temperature  cycling  77°K. 
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These  signal  layer  requirements  and  their  dependencies  can  be  seen  more 
quantitatively  with  a  bit  of  analysis.  For  a  maximum  line  length  of 
assuming  a  line  thickness  of  half  of  the  width,  W,  with  a  normal  metal  resistivity,  p, 
the  minimum  acceptable  width  to  achieve  an  end  to  end  resistance  of  R^j^x 
given  by 


W  = 


2/oL, 


/  R 

MAX'  MAX 


Eq.3 


We  note,  for  example,  that  the  minimum  acceptable  line  width,  W,  varies  as  the 
square  root  of  resistivity,  p,  which  is  the  same  p  dependence  as  obtained  for  the  high 
frequency  skin  effect  case  of  Eq.  2,  due  to  the  dependency  of  in  Eqs.  1  and  2  on 
p,  given  by 


R 


s 


V^rpno 


/ 


Eq,4 


where //q  =  47r  x  10'^  in  centimeter  units  (this  equation  ignored  the  complication  of 

anomaious  skin  effect  which  alters  the  low  temperature  R^  some  what).  In  either 
case,  cooling  copper  from  300°K  to  77°K  allows  about  a  2x  reduction  in  W  and  hence 
2x  reduction  in  the  number  of  signal  layers,  as  was  discussed  above. 

While  the  dependencies  of  line  width  and  required  number  of  signal  layers  on  metal 
resistivity  happens  to  be  the  same  for  the  "dc"  and  "ac"  (fully  developed  skin  effect 
conduction)  cases,  this  is  not  the  case  for  their  dependencies  on  R,^,^^x  ^.max’ 
which  tend  to  be  square  root  in  nature  for  the  "dc"  case  or  proportional  for  the  "ac" 
case.  Note  that  in  the  plot  of  the  required  number  of  signal  layers  versus  MCM  size, 
above  an  MCM  size  of  3"  for  room  temperature  copper,  the  300MHz  ac  (skin  effect 
limited)  curve  rises  above  the  "dc-only"  curve.  The  point  at  which  these  depart 
(crossover  between  dc  and  fully  developed  skin  effect  curves)  occurs  at  a  length,  L^, 

obtained  by  equating  Eqs.  2  and  3  for  W,  and  substituting  Eq.  4  for  R^  as 
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L  «  MAA 

^Mof  Eq.  5 

where  as  usual,  /  is  the  frequency  of  the  highest  frequency  components.  L  here  is 

eq 

interpreted  as  the  approximate  maximum  length  for  which  a  resistance  line 
can  be  considered  to  be  dc  resistance  dominated  subject  to  the  above  geometric 
assumptions.  (In  the  computer  analysis,  an  effective  wire  periphen.'  of  3W,  rather 
than  the  more  accurate  2W  as  used  in  Eqs.  1  or  2  was  used,  so  that 
k'q  “  18  was  used  instead  of  «  8  R^,^^ /.  Substituting 

in  thep  =  1.68  x  10-6  Q  -  cm  value  for  300°K  copper  and  f  =  300 .MHz  (and  the 
constant  18  as  used  in  the  computer  analysis),  gives  =  15.2  cm  or  6",  which  is,  of 

course,  for  a  3"  MCM,  showing  that  Eq.  5  correctly  gives  the  MCM  size 

separation  point  between  the  "ac"  and  "dc-only"  curves.  From  Eq.  5  (using  the 
correct  value  of  8  for  the  constant),  taking  a  more  realistic  /  =  10^  Hz,  as 
appropriate  for  =  0.4ns  logic,  the  "ac"  curve  would  pull  away  from  the  "dc-only" 
cur\'e  above  wire  lengths  of  only  2  cm,  and  the  number  of  required  layers  for  a  6" 
MCM  would  be  about  170  signal  layers  (256  total)  for  =  lOQ  ,  or  about  80 
signal  layers  (121  total)  if  the  copper  temperature  were  reduced  to  77'^K.  For  really 
fast  logic  (eg.  GaAs  or  Si-Ge  ECL  in  the  late  90’s),  =  40  ps  or  /  =  10’°  Hz  needs 

to  be  considered.  Here,  cooled  copper  would  require  286  signal  layers  (430  total)  to 
achieve  =  lOQ  in  the  12"  lines  for  maximal  density  MCMs.  These  are,  of 

course,  hopelessly  large  numbers  requiring  impractically  thick  "wiring  mats",  even  if 
it  were  conceivable  to  yield  them  somehow.  Hence,  for  higher  performance  logic 
with  higher  signal  frequencies,  copper  has  very  serious  problems  in  attempt’og  to 
implement  maximal  density  large  MCMs. 

A  potential  source  of  at  least  modest  reduction  in  the  number  of  normal  metal  (eg., 
77=K  copper)  signal  interconnect  layers  required  would  be  to  alter  the  chip  to  chip 
electrical  interconnection  scheme  in  such  a  way  as  to  increase  the  allowable 
maximum  line  resistance,  R^,^.  If  can  be  increased  by  some  factor,  then  for 
skin-effect  dominated  frequencies,  the  number  of  layers  can  be  proportionately 
reduced  (but  never  below  the  dc  resistance  limit,  of  course ).  When  the  dc  resistance 
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is  the  limitation,  the  number  of  signal  layers  required  will  drop  as  the  reciprocal  of 
the  square  root  of  value  of  R|^^x  =  10  Q  was  obtained,  as  described  in 

more  detail  in  Section  3.1,  as  the  point  for  =  50  Q ,  where  dc  noise  margin  in  an 
internal  -  reference  ECL  -  type  (load  terminated,  as  also  used  in  GaAs) 
interconnection  approach  begins  to  be  significantly  compromised,  and  which  gives  a 
comparatively  small  loss  in  the  leading  edge  amplitudes  in  source  -  terminated,  open 
circuit  load  (CMOS  -  type)  interconnect  approaches.  For  the  latter  case,  it  is  well 
known  that  if  the  source  resistance  is  correspondingly  reduced,  a  higher  line 
resistance  can  be  tolerated,  even  up  to  R,,f,jp  =  for  Rsolrce  “  0  if  load 
capacitance  effects  are  ignored.  For  this  ideal  case  of  R.^,^x  ~  instead  of  R^,^^x 
=  Ff  Q  ,it  would  take  substantially  fewer  numbers  of  signal  layers  to  wire  the  MCM. 
Whde  in  fact  here  are  serious  problems  with  this  approach,  it  is  worth  examining  the 
implications  for  MCM  wireability  anyway.  Because  the  IC  driver  output  impedance 
tends  to  be  nonlinear,  and,  of  course,  is  non-zero,  a  realistic  expectation  might  be 
that  the  line  resistance  might  be  able  to  be  increased,  for  Z^  =  50  Q  ,  to  25  Q  (with 
a  combination  of  IC  driver  impedance  plus  source  termination  resistor  also  equal  to 
25  Q  )  and  still  maintain  fairly  good  pulse  reflect’on  characteristics.  For  the  6"  MCM 
example,  the  copper  line  width  necessary  to  keep  an  L^^x  “  to  a  25  Q  dc 

resistance  would,  from  Eq.  3,  be  20.4  /an  at  300°K,  or  about  9.2  nm  at  77°K.  From 
Eq.  2,  the  required  line  widths  for  10^  Hz  ac  would  be  50.6  /im  at  300“K  or  23.8  um 
at  77°K,  which  is  the  more  serious  limitation.  This  means  that  if  we  both  cool  the 
copper  to  77°K  and  allow  R.^^x  =  25  Q  ,  32  layers  of  signal  interconnects  (49  total 
metal  layers)  are  required  to  wire  the  maximal  density  6"  MCM,  still  an  impractical 
large  number  for  manufacturability.  Using  such  a  self-terminated  line  approach 
would  probably  require  a  certain  number  of  different  driver  types,  each  having 
different  source  resistance  characterisitics,  therby  complicating  the  design  task. 

A.S  is  pointed  out  in  Section  3.1,  plain  R,^^x  “  ^o’  circuit  load/source 

terminated  interconnections  can  tolerate  somewhat  over  R,^,xx  =  10  Q  line 
resistances  without  major  degradation  of  the  substantial  CMOS  noise  margins. 
However,  when  the  rather  significant  input  capacitances  which  load  the  lines  is 
considered,  pulse  edges  with  source  termination  are  degraded  relative  to  load 
termination,  and  that  is  made  even  worse  when  higher  resistance,  self-terminated 
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lines  are  used.  Consider,  for  example,  a  lOpF  board  capacitance  on  an  =  50  Q 
terminated  line,  which  will  have  a  550  ps  rise  time,  but  with  a  =  50  Q 
source-terminated  line,  the  rise  time  is  1.1  ns.  Hence,  while  source  termination  is 
convenient  and  low  power,  it  has  high  speed  performance  limitations  relative  to  load 
termination  which  are  only  further  aggravated  as  self-termination  is  approached. 

A  final  potential  method  of  reducing  the  number  of  copper  layers  required  to  wire 
large  maximal  density  MCMs  is  to  relieve  the  constraint  that  all  lines  have  the  same 
width.  In  IC  design,  it  is  common  to  use  narrower  (higher  Q  /cm)  lines  for  the 
(numerous)  shortei  lines,  and  the  wider  line  widths  only  for  the  longer  lines. 
Unfortunately,  in  a  MCM,  simply  increasing  the  line  width  alone  doesn’t  help  at  all, 
since  it  correspondingly  reduces  the  line  impedance,  Z^,  which  makes  the  line 
proportionately  more  sensitive  to  However,  if  the  dielectric  layer  thickness  is 
increased  in  the  same  proportion,  the  line  impedance  will  be  preserved  and  the 
desired  relative  line  ohmic  resistance  improved.  Hence,  it  would  be  possible  in  an 
MCM  to  create  two  or  more  classes  of  signal  interconnects,  with  wide  copper  traces 
and  thick  dielectrics  for  long  lines  and  (higher  density)  narrower  traces  with  thinner 
dielectrics  for  short  lines.  While  this  would  require  some  substantial  innovations  in 
order  for  the  CAD  tools  (particularly  MCM  routers)  to  support  such  an  interconnect 
hierarchy  (and  routing  software  is  alreadv  a  serious  problem  for  very  complex 
boards),  it  is  certainly  theoretically  possible  to  implement  such  an  approach.  While 
Its  practicability  might  be  in  question,  the  fact  that  there  are  so  many  short  wires  on 
a  MCM  makes  it  of  interest.  As  opposed  to  the  maximum  signal  line  length  of  1^ 

-  12  on  a  6  MCM,  as  discussed  in  Section  3.1  in  conjunction  w'ith  the  Donath 
statistical  wire  length  model,  the  average  wire  length  for  the  same  case  is  only  (R  = 
4.6  for  =  24)  E  =  2.92  cm  (1.15").  Hence,  for  10^  Hz  and  R^^,^  =  lOQ,  a  77=K 
copper  line  width  of  5.7//m  would  be  adequate  for  half  of  the  interconnect  wires.  In 
a  very  simplistic  view,  this  would  mean  that  half  of  the  MCM  wares  could  be  disposed 
of  m  8  layers  of  signal  interconnects,  which  would  make  a  substantial  reduction  in 
the  total  number  of  signal  layers  required.  Unfortunately,  it  is  not  quite  that  simple. 
If  one  assumes  that  the  series  termination  approach  outline  in  the  previous  section 
is  not  employed,  a  wide  variability  in  the  line  geometries  may  be  required.  In 
general,  vias  and  other  layout  features  of  a  size  adequate  for  thick  dielectric  layers 
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and  large  trace  sizes  are  not  very  compatible  with  interconnects  an  order  of 
magnitude  smaller  in  feature  sizes.  A  series  termination  approach  would  have  some 
of  the  issues  referred  to  in  the  previous  section.  Hence,  real  design  rule  limitations 
will  play  a  major  role  in  how  effective  such  a  hierarchial  dielectric  thickness/variable 
line  width  approach  would  be  in  reducing  the  number  of  77°K  copper  signal 
interconnect  layers  required  to  wire  large  maximal  density  MCMs.  A  wild  guess 
might  be  a  2x  reduction  over  the  details  of  the  layout  design  rules  for  the  MCM 
technology. 

In  SU--  -ary,  several  new  normal  metal  interconnect  MCM  technology  extensions 
have  been  considered  which,  if  developed  and  adopted,  could  potentially  reduce 
significantly  the  number  of  copper  interconnect  layers  required  to  wire  large, 
maximal  density  MCMs.  If  all  of  these  (cooling  to  77“K,  using  high  resistance 
[self-terminated]  interconnect  lines,  and  routing  in  a  hierarchy  of  dielectric  layer 
thicknesses  and  line  widths  according  to  signal  line  length)  were  used  at  the  same 
time,  and  if  the  rise  times  of  the  logic  signal  pulses  were  fairly  slow,  then  it  might 
even  be  possible  to  reduce  the  number  of  copper  interconnect  planes  to  something 
such  might  be  manufacturable  (given  the  existence  of  very  effective  in  -process 
inspection  and  repair  capabilities,  and,  of  course,  assuming  that  the  very  large  stress 
levels  that  build  up  in  organic  dielectric  MCM  systems  at  cryogenic  temperatures 
don’t  give  insurmountable  reliability  problems). 

However,  if  this  can  all  be  done  in  a  simple,  two  signal  layer  HTSC  MCM,  which  will 
work  with  today  CAD  tools  (routers,  etc.),  which  will  work  with  any  kind  of  signal 
interconnect  termination  scheme  (eg.,  source  or  load  terminated),  and  which  will 
work  with  even  the  fastest  of  today’s  integrated  circuit  technologies,  and  indeed  with 
the  fastest  expected  in  the  foreseeable  future,  and  do  all  of  this  without  the 
performance  and  design  compromises  discussed  above,  and  further  yet  be 
potentially  cheaper,  in  the  long  term  why  would  anyone  want  to  consider  anything 
short  of  the  HTSC  MCM  technology?  The  issue  is  not  whether  HTSC  MCMs  are 
worth  doing,  it  is  whether  we  can  in  fact  master  the  technology  to  budd  them.  The 
prospects  look  good;  it  is  time  to  go  for  it. 
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1.2.  Program  Directions 

When  we  first  began  this  HTSC-MCM  study  at  Quad,  nearly  all  discussion  in  the 
published  literature  had  suggested  that  superconducting  interconnects  do  not  add 
any  measurable  benefit  to  high  performance  electronic  systems.  Since  this  project 
began  we  in  essence  had  to  work  against  a  negative  environment  which  ail  in  all 
really  proved  helpful  in  forcing  us,  going  in,  to  address  issues  that  we  may  have  had 
to  put  off  for  later  times. 

.Many  people  in  the  past  had  looked  at  supercomputers  operating  at  77°K  due  not 
only  to  the  benefit  accrued  from  the  decrease  of  the  impedance  of  copper  wires  at 
these  low  temperatures,  but  also  due  to  the  factor  of  3  to  4  increase  of  the  speed  of 
CMOS  chips  at  the  same  temperatures.  So  there  were  incentives  over  a  decade  ago 
to  operate  at  low  temperatures  and  indeed  much  studies  and  real  work  was  already 
accomplished  in  this  area.  At  the  same  time  much  work  was  done  by  Quad  and  its 
consultants  in  the  field  of  MCM  technologies.  Here  it  was  recognized  that  the 
electronics  industry  is  undergoing  yet  another  revolution  in  high  density  integration 
using  conventional  semiconductor  processing  operating  at  room  temperature.  This 
conventional  MCM  technology,  while  it  promised  significant  improvement  at  the 
module  and  system  level,  had  met  severe  limitation  for  MCM  as  was  experienced  by 
IBM.  This  company  reverted  to  complicated  processes  in  order  to  manufacture 
-MCMs  having  greater  than  30  metallization  layers.  Our  preliminary  work  had 
suggested  that  with  HTSC-MCM  only  two  signal  layers  would  accomplish  the  same 
feat  thereby  significantly  simplifying  the  MCM  manufacturing  process  and  perhaps 
culminating  in  higher  performance,  higher  reliability,  and  lower  cost  system.  So 
indeed  we  had  a  strong  incentive  to  push  for  this  technology.  The  problem  however 
of  translating  the  concept  from  a  paper  study  to  a  working  process  that  would 
execute  and  develop  this  technology  was  not  as  easv  ns  it  seemed.  Many  issues  were 
before  us  (a)  to  convince  the  HTSC  comrr  ''  the  potential  benefit  of 

HTSC-MCM  (b)  to  convince  system  houses  of  ■  m  benefits  born  out  of  this 
technology  (c)  since  only  few  merchant  HTSC  vendors  were  available  to  work  with, 
and  since  these  vendors  had  virtually  no  MCM  background,  the  question  was  how  to 
bring  to  them  MCM  know-how  in  technology,  marketing  and  manufacturing  (d)  to 
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ensure  that  whatever  knowledge  had  been  gained  from  people  who  worked  a 
decade  ago  on  low  temperature  supercomputer,  that  some  how  it  be  added  to  this 
project  (e)  and  finally,  if  this  technology  is  to  benefit  both  commercial  and  military 
systems,  that  this  project  from  the  outset  should  include  commercial  and  military 
players  and  should  leverage  on  resources  and  assets  from  both  sides  of  the  industry 
sectors. 

Our  task,  which  initially  began  to  study  the  market  of  systems  using  HTSC-MCM’s, 
was  sidetracked  a  bit  in  order  to  help  put  together  a  team  that  would  address  the 
issues  raised  in  points  (a)  through  (e).  It  was  clear  from  earlier  work  that  elements 
of  an  MCM  infrastructure  were  as  shown  in  Fig.  l-3a.  We  needed  merchant 
foundries,  we  needed  CAE  Tools,  we  needed  testing,  we  needed  CAD  applications, 
we  needed  cooling  technologies  and  eventually  we  will  need  CMOS  operating  at 
Cryogenic  temperatures. 

Our  efforts  led  to  the  formation  of  a  team  structure  as  shown  in  Fig.  l-3b.  Flere  as 
can  be  seen  we  have  all  the  elements  needed  to  do  the  job. 

1  he  central  role  is  played  by  the  foundries.  These  are  the  players  who  have  to  solve 
the  most  difficult  material  and  MCM  manufacturing  processes.  Towards  this  end  the 
team  was  structured  so  that  all  materials  and  processing  research  wherever 
performed  would  transition  to  the  foundries,  n-chip  was  added  to  educate  these 
foundries  on  MCM  manufacturing.  Datamax,  a  spin-off  from  ETA,  added  the  low 
temperature  experience  gained  from  the  development  of  the  ETA-10.  Cray  was  also 
added  to  monitor  the  development  of  this  technology  and  help  guide  it  to 
commercial  applications.  E-Systems  with  its  extensive  MCM  application  know-how 
was  a  natural  to  lead  the  project  and  guide  the  technology  for  military  application. 
Now  the  team  is  in  place;  the  contract  was  awarded  to  E-Systems.  A  kick-off  of  the 
program  is  scheduled  for  October  24,  1991. 

The  other  aspect  of  the  effort  at  Quad  was  spent  on  the  potential  market  of 
HTSC-MCM  and  MCM  applications.  These  are  discussed  in  the  fourth  quarter 
report.  In  effect  our  work  shows  that  HTSC-MCM  technology,  particularly  when 
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combined  with  massively  parallel  process  architecture,  can  have  significant  impact 
on  applications  ranging  from  minisuper  computers  to  mainframes  and 
supercomputers  classes  for  both  commercial  and  military  applications.  These 
applications  could  start  benefiting  from  HTSC-MCM  by  the  latter  part  of  this 
decade  and  begin  to  serve  as  a  stable  market  base  for  the  HTSC  -  technology,  with 
potential  sales  exceeding  one  billion  dollars  for  bare  HTSC-MCM’s  by  the  end  of 
this  decade  or  early  2000’s. 

Over  the  next  two  years  however  some  key  milestones  need  to  be  met,  (a) 
demonstrate  experimental  validation  of  predicted  HTSC-MCM  benefits;  (b) 
demonstrate  concept  feasibility  of  a  low  cost  HTSC-MCM  manufacturing  process 
and  (c)  put  in  place  the  needed  elements  to  have  a  viable  merchant  source  which 
includes  a  complete  merchant  infrastructure  and  a  market  place,  both  commercial 
and  military,  read  to  insert  and  market  the  technology,  and  convince  the 
semiconductor  industry  to  lead  an  intensive  effort  in  optimizing  the  CMOS 
technology  for  Cryogenic  operations  and  help  develop  other  salient  technologies 
(CAE  tools,  testing,  packaging)  to  make  this  highly  promsing  Cryoelectronics 
industry  pay  off  to  the  commercial  and  military  sectors. 
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2.1.HTSC  MCM  Technology 

As  is  noted  in  Section  3.3,  concern  was  expressed  (initially,  in  my  awareness,  by  Prof. 
Ted  VanDuzer  of  UC  Berkeley)  that  the  operating  temperatures  of  the  liquid 
nitrogen  immersed  IC  chips  might  be  so  large  as  to  preclude  the  use  of  YBCO  as  an 
HTSC  MCM  interconnect  material.  It  is  demonstrated  in  Section  3.1,  using  a 
nonlinear  one-dimensional  thermal  model,  that  for  the  case  of  normal  (face-up, 
wirebonded  IC  chips)  die  attached  to  the  HTSC  MCM  substrate  with  low  thermal 
conductivity  (no  silver,  gold  or  diamond  filling)  epoxy  material  (or  better  yet,  as 
suggested  by  the  Livermore  people,  epoxy  filled  with  the  vacuum  microspheres  that 
are  available),  90%  or  more  of  the  heat  can  be  made  to  go  directly  into  the  liquid 
nitrogen,  and  the  temperature  rise  (above  ll^K)  at  the  HTSC  substrate  can  be  kept 
to  about  3°K.  even  for  a  lOW/cm^  power  density,  where  the  IC  chip  temperature  rise 
would  be  9.3°K. 

A  substantial  level  of  effort  in  this  program  has  been  expended  in  describing  the 
HTSC  MCM  concept  and  the  work  done  on  it,  (as  well  as  the  future  plans  and 
applications  interests  for  the  program)  to  various  individuals  or  groups  in  order  to 
elicit  their  response.  In  particular,  potential  problems  that  are  brought  up  are 
carefully  noted  for  further  investigation  where  appropriate,  in  order  to  assure  that 
no  "show  stoppers"  have  been  overlooked  in  the  HTSC  MCM  concept.  (None  have 
been  identified  to  this  point,  I  might  hasten  to  add.)  The  work  on  the  magnetic  field 
strengths  around  narrow  lines  and  the  die/HTSC  interconnect  temperature 
modeling  just  described  are  examples  of  efforts  initiated  because  of  concerns 
expressed  by  knowledgeable  scientists  in  the  HTSC  field  contacted  through 
seminars,  papers  presented  at  workshops,  etc. 

In  recent  presentations  on  the  HTSC  MCM,  including  those  at  the  Fallen  Leaf  Lake 
Workshop  on  Superconducting  Electronics  and  the  DARPA  HTSC  Conference  in 
Seattle,  our  recent  thermal  modeling  work  described  above  was  presented.  This  has 
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been  generally  quite  favorable  received,  but  with  some  specific  helpful  concerns 
expressed.  One  of  these  is  the  issue  of  flip-chip  bonding  of  the  die  in  order  to  reduce 
bonding  cost  and  maximize  the  chip  I/O  count  and  minimize  wasted  "real  estate"  on 
the  MCMs.  The  presence  of  large  numbers  of  solder  bumps  joining  the  die  and  the 
HTSC  interconnects,  could,  as  noted  in  the  Q2  1991  report,  bring  the  HTSC 
temperature  much  closer  to  the  IC  die  temperature  than  for  the  epoxy  die  attach 
case.  These  appear  to  be  solutions  for  this  case  as  well.  We  will  treat  this  flip-chip 
case  in  later  extensions  to  this  work 

Another  concern,  mentioned  by  Ted  Van  Duzer  and  several  others,  is  that  even  in 
the  epoxy  die  attached  “normal”  mounting  case,  the  heat  flow  through  the  bond 
wires  might  bring  the  spot  temperature  at  the  wire  to  substrate  bond  point  too  high 
for  the  use  of  \  BCO-type  HTSC  materials  (“Thallium”  would  of  course  still  be  ok). 
The  thermal  conductivity  of  gold  increases  from  318  W/m  °K  at  300°K  to  352  W/m 
°K  at  77-K,  wTile  aluminium  even  more  dramatically  increases  frc-m  237  W/m  °K  at 
300''K  to  400  W  m  °K  at  80°K  (the  same  as  room  temperature  copper).  While  such 
high  thermal  conductivities  might  very  well  lead  one  to  view  the  bond  wires  as  a 
“thermal  short”  down  to  the  substrate,  I  have  pointed  out  in  these  various 
conversations  that  the  bond  wires  are  very  fine  (with  typical  diameters  of  0.75  mils 
[0.019  mm]  or  1.0  mils  [0.025  mm])  and  fairly  long  (of  the  order  of  60  mils  [1.5  mm] 
for  the  thick  epoxy  die  attach  layers  considered  here).  Because  of  the  high  heat 
transfer  coefficient  from  the  wire  to  the  liquid  nitrogen  due  to  nucleate  boiling,  the 
temperature  in  the  wire  may  quite  quickly  approach  the  77°K  liquid  nitrogen 
saturation  temperature.  Since  this  is  clearly  not  obvious  to  many  intelligent  people, 
it  is  worth  a  quantitative  examination. 

Fig.  2-1  shows  the  physical  model  and  its  electrical  equivalent  used  to  solve,  for  the 
linear  case,  the  heat  flow  equations  to  give  the  temperature  variation  along  the  bond 
wire  immersed  in  liquid  nitrogen.  The  heat  flow  incident  into  the  left  side  of  the 
(tiny)  “rod”  is  conducted  along  the  length  of  the  rod  by  the  thermal  conductivity, 
k(W/cm  °K)  of  the  metal  (the  term  in  ther  electrical  equivalent),  or  lost  to  the 
liquid  nitrogen  due  to  the  large  nucleate  boiling  heat  transfer  coefficient,  h  (W/cm- 
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°K),  which  gives  rise  to  the  shunt  term.  Obviously,  from  the  basic  thermal 
resistance  expression  for  thermal  conduction, 

R  =-t- 

Ak  Eq.l 

the  distributed  wire  thermal  resistance  per  cm  will  be  given  by 


d  ^  k 


Eq.2 


where  d  is  the  bond  wire  diameter.  The  shunt  conductance  per  unit  length  (here 
used  as  its  reciprocal,  the  resistance-length  product,  R,^  L),  is  given  from  the  heat 
transfer  coefficient,  h,  as 


R.  L  =  7^ 
N  h  A 


1 

jr  d  h 


Eq.3 


where  the  entire  peripheral  area  of  the  rod  contacting  the  liquid  is  taken  for  A.  As 
noted  previously  in  conjunction  with  the  liquid  nitrogen  pool  boiling  curve,  the 
nucleate  boiling  power  density  (P/A)  versus  temperature  rise  above  =  77°K,  AT, 
curve  may  be  approximated  in  the  region  below  AT  =  1()°K  or  so  by 

(P/A)  =  0.0749  AT Eq.4 

for  (P/A)  in  W/cm‘.  The  “dc”  heat  transfer  coefficient  is  given  by 

h  =  (P/A)  /AT  Eq.  5 


i 
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because  the  heal  flow  relationship  in  Eq.4  is  not  linear  (2.156  is  a  long  way  from 
1.000),  the  heat  transfer  coefficient,  h,  varies  significantly  with  (P/A)  or  AT,  and 
hence  varies  as  well.  This  means  that  the  linear  heat  flow  equations  solved 
analytically  here  apply  accurately  over  only  limited  sections  of  the  wirebond  in  which 
the  temperature  change  is  not  too  large.  At  some  later  point  in  the  program  we  will 
do  a  nonlinear  numerical  solution  to  get  an  accurate  T(x)  distrubution  on  the 
wirebonds,  but  the  linearized  solutions  are  quite  adequate  to  give  the  insight  we  are 
looking  for  here  (and  we  can  break  the  wirebond  into  a  number  of  shorter  sections 
of  nearby  constant  AT  and  integrate  to  obtain  a  numerical  solution  for  any  given 
case). 

Table  2-1  shows  the  variation  of  h  with  AT  for  temperature  rises  of  1,  2,  3,  5,  7,  and 
10°K  of  the  bondwire  above  the  77°K  liquid  nitrogen  saturation  temperature  as 
caculated  form  Eqs.  4  and  5.  This  data  is  used  to  calculate  the  and  R^^  values  in 
Fig.  2-1  at  each  AT  for  the  cases  of  d  =0.75  mil  and  d  =1  mil  diameter  of  both  gold 
and  aluminum  bond  wires.  Note  that  while  h  is  quite  good  (over  1  W/ern-  °K)  at  AT 
=  10°K,  it  drops  off  as  AT  *  power  for  lower  temperature  rises.  For  the  most  part, 
AT  values  below  about  3°K  are  of  for  YBCO,  so  we  need  to  consider  heat  transfer 
coefficients  down  to  the  0.25  to  0.3  W/cm’  °K  range. 

Consideration  in  Fig.  2-1  of  the  basic  conduction  equations  gives  for  longitudinal 
conduction 


(>^) 


-1  dV(x) 

(Rm  /  L)  d 


and  for  the  transverse  loss  (I^,  loss), 

Um  ^  -V(x) 
dx  R,^L 


Eq.5 


Eq.6 
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Differentiating  Eq.  5  and  substituting  in  Eq.  6  for  dydx  gives  Laplace’s  equation: 
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The  reciprocal  of  a  is  an  effective  or  charecteristic  length  over  which  temperature 
deviations  from  =  77°K  tend  to  expoenentially  die  out, 


/iL 

/  R^/L 


Eq.  11 


There  is  also  a  “characteristic  thermal  impedance”  for  the  wire  immersed  in  liquid 
nitrogen.  It  is  the  thermal  resistance  seen  looking  into  the  end  of  a  very  long 
(L>  >Lj.)  wire,  the  other  end  of  which  need  not  be  connected  to  anything.  This 
“thermal  impedance”,  (°KAV),  is  found  from  (b  =  0  in  Eq.  7). 


R.  = 


V(0) 

1(0) 


=  ,/  (R,,/L)  (R^.L) 


Eq.  12 


L  =  00 


For  the  case  of  long  lines  (L  >  L^),  or  lines  terminated  with  a  thermal  resistance  R, 
close  to  R^,  then  the  temperature  disturbs  die  out  exponentially  with  distance, 

T(x)=T(o)e-’^‘-c  Eq.  13 


with  the  characteristic  length,  L^. 
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In  Table  2-1,  values  for  this  characteristic  length,  L^,  and  for  the  “thermal 

Impedance”,  are  shown  for  each  case.  For  example,  for  a  0.75  mil  gold  bond 
wire  we  have  Lg  =  0.395  mm  at  AT  =  10“K,  increasing  (because  of  the  lower  h)  to 

about  nvice  that,  =  0.792  mm,  at  AT  =  3°K,  with  corresponding  R^.  values  of  3940 

°K/W  at  10°K  and  7902  °KAV  at  AT  =  3°K.  This  means  (doing  a  rough  integral  to 
handle  the  nonlinearity),  and  shown  in  the  AT  =  '’  -  77°K  versus  distance  along  bond 
wire  plot  in  Fig.  2-2,  that  if  we  have  a  chip  temperature  of  AT  =  10°K  at  one  end  of 
a  0.75  mil  gold  thermally  matched  terminated  bond  wire,  the  AT  at  a  distance  of  0.5 
mm  (19.7  mils)  down  the  wire,  the  temperature  rise  will  be  only  3.9°K  and  1.0  mm 
(39.37  mils)  down  the  wire  the  temperature  rise  will  be  only  2.rK.  For  a  typical  1.5 
mm  (59  mils)  bond  wire  length,  at  the  HTSC  substrate  end,  the  AT  will  be  only  1.32° 
above  the  77°K  liquid  nitrogen  saturation  temperature.  Hence,  standard  0.75  mil 
gold  bond  wires  do  not  represent  a  “thermal  short”  in  normal  lengths.  As  seen  in 
Table  2- 1,  larger  diameter  wires  will  cause  greater  temperature  rises,  and  aluminum 
is  slightly  worse  than  gold. 


2.2.  MCM  Technology  Applications 

The  superconducting  MCM  (SC-MCM)  technology  applications  clearly  seem  to  be 
destined  to  span  from  supercomputer  class  to  certainly  mini  supercomputer  class 
applications.  For  the  superconducting  vendors  selling  SC-MCM  could  render 
significant  stability  to  their  operations.  During  the  last  three  months  we  have  tried 
to  bring  together  several  elements  of  the  infrastructure  to  ensure  that  as  this 
technology  is  developed,  at  least  some  specter  of  the  market  can  start  to  develop 
right  along  with  it.  The  idea  being  that  once  the  technology  has  matured,  maybe  the 
market  would  be  there  for  it;  even  though  the  market  and  the  technology  are  not 
expected  to  mature  until  1995,  it  is  still  prudent  that  they  grow  up  simultaneously. 
Towards  this  goal  we  have  tried  to  ensure  that  the  team  includes  all  the  necessary 
features  such  as  foundry  CAE  Tools,  system  design,  refrigerative  or  cooling 
packaging,  etc.  In  particular  the  main  focus  was  on  real  MCM  foundry  and  MCM 
applications.  Currently  the  team  has  no  MCM  capabilities,  meaning  that  STI  and 
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conductus  do  not  have  any  background  in  MCM  technology  development,  or  digital 
semiconductor  manufacturing  know-how.  For  that  reason,  we  have  tried  and  have 
succeeded  in  convincing  N-chip  to  play  a  role  on  our  team  in  order  to  add  such 
expertise  and  know-how  to  the  team.  Towards  this  end,  n-Chip  has  agreed  to 
provide  facility  and  MCM  capacity  so  that  superconductivity  engineers  and  scientist 
can  visit,  have  a  place  to  stay,  work,  and  use  n-Chip  people  and  equipment  to  learn 
MCM  technology  and  manufacturing  know-how.  Further,  the  n-Chip  engineers 
have  already  interacted  on  the  SC-MCM  fabrication  process  even  prior  to  the 
invitation  of  the  programmer,  and  provided  already  made  significant  input  that 
could  assist  the  growth  of  the  SC-MCM  technology. 

In  a  different  area,  we  began  serious  discussions  with  Tony  Vacca  at  Cray  regarding 
the  identification  of  a  machine  that  could  use  SC-MCM  within  four  years.  Dr.  Vacca 
recommended  the  Cray  E-L  machine  which  is  equivalent  to  a  mini-supercomputer. 
This  has  a  large  PC  board  containing  over  30  interc  nnect  layers  and  probably  200 
CMOS  chips.  This  board  could  be  converted  to  a  SC-MCM  with  only  a  process 
control  role  in  MCM  development  and  solution.  Also  upon  request  from  several 
congressional  staffs,  a  detailed  presentation  was  prepared  and  given  on  SC-MCM  to 
the  house  and  senate  authorization  committee  staff. 
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2.3.  HTSC  MCM  Applications 

A  number  of  Market  research  firms,  we  understand,  have  done  m.arket  surveys  for 
the  MCM  technology  application.  We  have  not  had  access  to  these  reports. 
However,  it  seems  obvious  that  no  market  projection  can  be  so  credible  without  fully 
taking  account  of  the  application  needs  and  the  various  MCM  technologies  that  will 
evolve  during  the  next  decade.  It  is  our  opinion  that  several  major  MCM  technology 
thrusts  will  be  developed  this  decade.  These  include  conventional  MCM, 
3-diniensional  MCM,  superconducting  MCM  and  advanced  multi  signal  layer  ( >  2) 
conventional  MCM.  In  Table  2-2,  we  show  the  projections  we  made  based  on 
industry  discussions.  It  seems  to  us  that  the  conventional  (2  signal  layers)  will 
dominate  the  low  end  from  PC  to  the  mini-supercomputer,  3-D  will  cover  high  end 
work  station  to  the  supercomputer  while  SC-MCM  will  cover  mini-supercomputer 
through  supercomputer.  In  special  applications  it  is  conceivable  that  SC-MCM  will 
also  play  a  role  in  embedded  processors.  In  any  case,  the  market  that  SC-MCM 
addresses  should  exceed  one  billion  dollars,  giving  a  good  chance  for  merchant 
vendors  to  establish  a  stable  source. 

The  issues  that  are  critically  upon  us  have  to  do  with  market  penetration:  How  to 
facilitate  the  acceptance  of  this  technology  by  commercial  and  military  houses. 
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2.4. Analytic  Expressions  for  Frequency  Dependent 
Transmission  Line  Parameters 

This  is  a  summary  of  work  performed  under  this  contract  by  Professors  Antonije 
Djordjevic  &  Tapan  Sarkar  of  the  Syracuse  University  in  the  area  of  resistive  and 
inductive  transmission  line  models  for  normal  microstrip  &  stripline  lines. 

For  microstrip,  the  propagation  of  quasi-TEM  waves  can  be  analyzed  in  two  ways. 
The  first  one  is  the  pure  field-theory  approach,  which  essentially  start  from 
Maxwell’s  equation.  The  solution  yields  the  structure  of  the  electromagnetic  field 
and  the  propagation  coefficient  of  the  wave. 

The  second  approach  is  a  combination  of  the  field  theory  and  the  circuit  theory'.  In 
this  approach,  the  transmission  line  primary  parameters,  i.e.,  the  inductance  per 
unity  length  (L),  the  capacitance  per  unit  length  (C’),  the  resistance  per  unit  length 
(R  )  and  the  conductance  per  unit  length  (G  ).  are  evaluated  using  the  field  theory. 
Thereby,  the  fields  are  assumed  to  be  quasi-static  (i.e..  slowly  varying  in  time),  and 


Figure  2-3:  Cross  Section  of  a  Microstrip  Transmission  Line 


the  analysis  is  separated  into  two  independent  parts.  In  the  first  part,  the 
electrostatic  case  is  considered,  involving  only  the  electric  field  in  the  dielectric  and 
the  conductor  charge..,  and  the  capacitance  is  evaluated.  By  taking  the  dielectric 
permittivity  to  be  complex,  from  the  electrostatic  analysis  the  conductance  is 
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evaluated,  too.  In  the  second  part,  the  magnetic  field  is  considered,  together  with 
the  electric  field  in  the  conductors,  resulting  in  the  inductance  and  resistance.  Once 
the  transmission  line  primars’  parameters  are  known,  the  secondary  parameters  (the 
characteristic  impedance  and  the  propagation  coefficient)  are  obtained  form  the 
circuit-theory  approach. 

Here,  we  will  consider  only  the  quasi-static  analysis  of  the  inductance  and  resistance. 
We  suppose  that  the  trammission  line  conductors  carry  equal  steady-state  currents, 
which  are  opposite  in  direction,  of  root-mean-square  (rms)  value  I  and  frequency  f. 

At  low  frequencies  (towards  the  d.c.  end),  the  currents  are  uniformly  distributed 
over  each  conductor  cross  section.  As  the  frequency  increases,  due  to  the  induced 
electric  field,  the  current  distribution  starts  changing.  This  effect  is,  for  the  purpose 
of  a  simpler  explanation,  separated  into  three  parts  (although  everything  is  due  only 
to  the  induced  field).  The  first  part  is  the  edge  effect,  where  current  tends  to 
concentrate  at  the  sharp  edges  of  a  conductor.  This  effect  affects  both  the  signal 
conductor  and  the  ground  conductor.  However,  it  is  more  pronounced  in  the  signal 
conductor,  because  in  the  ground  conductor,  the  second  effects  usually  dominates. 

The  second  part  is  the  proximity  effect,  where  the  presence  of  one  conductor 
influences  the  current  distribution  in  the  other  conductor.  As  a  consequence,  the 
current  in  the  ground  conductor  tends  to  concentrate  below  the  signal  conductor 
(instead  of  being  spread  along  the  whole  width  of  the  ground  conductor).  Also,  the 
edge  effect  in  the  signal  conductor  is  somewhat  smaller  than  if  there  were  no  ground 
conductor. 

The  third  part  is  the  skin  effect,  pronounced  at  high  frequencies  in  both  conductors, 
where  the  current  becomes  concentrated  within  layers  at  the  conductor  surfaces. 
The  thickness  of  a  layer  is  of  the  order  of  several  skin  depths  b,  where  the  shin  depths 
is  defined  by 


v'jTw  fu 


Eq.  1 
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where  //  =  nv no  and  no  =--  4.t  lO'^  Hm  .  A  practical  formula  for  copper  (at  room 
temperature)  is 


^  Eq.2 

where  the  frequency  is  expressed  in  MHz. 

Due  to  the  variations  of  the  current  distribution,  the  transmission  line  inductance 
and  resistance  per  unit  length  vary  with  frequency.  Up  to  a  certain  frequency,  at  the 
low-frequency  end,  the  inductance  and  resistance  are  practically  constant. 
Thereafter,  at  medium  frequencies,  due  to  the  concentration  of  the  current  (i.e., 
reduction  of  the  effective  conductor  cross  section)  the  resistance  starts  increasing. 
This  concentration  modifies  the  external  inductance  per  unit  length. 
Simultaneously,  the  magnetic  field  within  conductors  is  reduced,  resulting  in  a  decay 
of  the  internal  inductance,  which  contributes  to  the  decay  of  the  total  inductance. 
The  transition  between  the  low-frequency  and  the  medium-frequency  regions  is 
related  to  the  ratio  R'/L',  as  will  be  shown  later. 

At  high  frequencies,  when  the  edge,  proximity  and  skin  effects  are  fully  pronounced, 
the  resistance  per  unit  length  increases  as  the  square  root  of  frequency.  The 
inducta  ice  per  unit  length  becomes  practically  constant,  and  it  can  be  expressed  as 


,  ■  _  £  on  o 

Eq.3 

where  £  =  8.8542  •  10'*^  F/m  is  the  permittivity  of  vacuum,  and  Cq  is  the 

transmission  line  capacitance  per  unit  length  when  the  dielectrics  are  substituted  by 
vacuum.  More  precisely,  the  inductance  per  unit  length  has  an  additional  small  term 
which  is  inversely  proportional  to  the  square  root  of  frequency,  and  which  is  due  to 
the  decrease  of  the  internal  Inductance  with  the  decrease  of  the  skin  depth.  Tlie 
transition  between  the  medium-frequency  and  the  high-frequency  regions  occurs 
when  the  conductor  thickness  becomes  of  the  order  of  the  ;  kin  depth. 
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j  Exact,  analytical  expression  for  the  microstrip  in>/actance  and  resistance  per  unit 

^  length,  as  a  function  of  frequency,  are  not  known.  The  analysis  of  such  transmission 

f  lines  can,  however,  be  performed  numerically,  and  there  exist  several  published 

i  2  methods.  For  the  present  purpose,  where  the  accuracy  at  the  low-frequercy  end 

seems  to  be  important,  we  have  chosen  a  technique  which  we  will  refer  to  as  the 
volume-current  formulation. 

j  Based  on  an  interpolation  of  these  results  and  on  some  theoretical  considerations,  a 

set  of  closed-form  formulas  has  been  derived. 

At  low  frequencies,  the  current  distribution  is  practically  uniform  within  one 
conductor.  However,  at  higher  frequencies  the  current  distribution  starts  changing, 
which  results  in  variations  of  both  the  inductance  (which  starts  decreasing)  and 
resistance  per  unit  length  (which  starts  increasing).  Here  starts  the 
medium-frequency  range.  As  the  frequency  increases  further,  the  proximity  and 
edge  effects  become  fully  pronounced,  and  the  skin-effect  region  starts.  In  this 
high-frequency  region,  the  current  is  localized  in  a  thin  layer  at  the  conductv/f 
surface.  The  depth  of  the  layer  decreases  with  frequency,  according  to  equation  (1), 
i.e.,  it  is  proportional  to  1/V  f  .  However,  the  equivalent  surface-current 
proportional  to  1/f  (for  a  constant  excitation  field).  Hence,  the  resistance  increases 
as  yfY  ,  the  externa!  inductance  of  the  line  is  practically  independent  of  the 
frequency,  and  the  invernal  inductance  is  proportional  to  V^.  Mathematically,  the 

resistance  and  inductance  per  unit  length  in  the  high-frequency  region 
asymptotically  behave  as 


R'(f)  ->  R;  (f)  =  Rs  (f. ) 


Eq.  4 


L'(f)  ->  L;,  +  R^  (f)/c; 


Eq.5 


£ 


I 


Applicability  of  Superconducting  Interconnection 
Technology  for  High  Speed  IC’s  and  System 


2-13 

October  1991 


Q3  1991  QUARTERLY  REPORT 


where  a)  =  2yrf,  f.  is  chosen  (reference)  frequency,  Rg(f)  denotes  the  skin-effect 

resistance.  The  low-frequency  resistance  per  unit  length  (i  e.,  the  d.c.  resistance)  of 
a  microstrip  line,  having  conductor  width  w,  and  ground  plane  width  g  and  having 
metal  thickness  t. 


R'(0)  =  Rg^  -T  R 


wo 


Eq.6 


where 


R  = 

agt 

is  the  resistance  per  unit  length  of  the  ground  conductor,  and 


Eq.7 


owt  Eq.  8 

is  the  resistance  per  unity  length  of  the  signal  conductor.  Equations  (7)  and  (8) 
follow  from  the  calculation  of  the  re.sistance  of  a  flat-strip  conductor. 

The  low-frequency  inductance  can  be  evaluated  from  energy  considerations.  The 
stored  magnetic  energy  per  unit  length  of  the  line  can  be  expressed  in  terms  of  the 
inductance  per  unity  length  (L  )  and  current  (I)  as 


Eq.9 


Another  calculation  approach  is  possible  by  assuming  the  conductors  to  be  very  thin 
(i.e.,  t<w,g),  so  that  the  effects  of  the  internal  inductance  are  relatively  small.  In 
that  case,  the  conductors  with  volume  currents  can  be  approximated  by 
surface-current  sheets,  of  surface-current  densities  =  I/w  (signal  conductor)  and 
hi  ~  (ground  conductor).  Following  a  similar  approach  as  above,  the 
inductance  per  unit  length  is  given  by 
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Lo  =  L'(0) 


2jr 


-w/2 


-vi/1 


f  /  log|  (x-x')ldx'  dx 


w 


w/2 


w/2 


Wg 


w/2 

/ 

-  w/2 


g/2 

^  *og^(x-x’)^  +  (h  +  t)'  dx’  dx 

-g/2 


1 


-  w/2  ~w/2 

/  /  log|  (x-x’)ldx'  dx  > 

w/2  w/2 


Eq.  10 


where  h  +  t  is  the  separation  between  the  conductor  planes  of  symmetry.  These 
integral  can  also  be  evaluated  explicitly.  The  internal  inductance  of  a  thin  strip 
conductor,  of  width  w  and  thickness  t,  which  is  approximately  included  i;i  the  above 
equation,  is  given  by 


iw 

12 


_t_ 

w 


Eq.  11 


For  the  high-frequency  region,  when  the  skin  effect  is  fully  developed,  there  exist 
approximated,  closed-form  formulas  for  the  quasi-static  transmission  line 
parameters.  One  set  of  such  formulas  is  given,  for  example,  in  Reference.  From 
these  formulas  it  is  straightforward  to  obtain 


=  L'(»)  =  Z^,„/c„  , 

Eq.  12 

C  =  L„/Z^.,  , 

Eq.  13 
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where 


“  3  •  10*  m/.,  , 


Eq.  14 


is  the  velocity  of  light  in  vacuum,  is  the  characteristic  impedance  of  the 

microstrip  line  in  the  high-frequency  region,  and  is  the  characteristic 

impedance  in  the  same  frequency  region  when  the  dielectric  is  removed.  These 
impedances  are  related  by 


^Cco  =  , 


Eq.  15 


where  £.^  is  referred  to  as  the  effective  relative  permittivity  of  the  line. 


The  approximate  expression  of  the  resistance  per  unit  length  in  the  high-frequency 
region  is: 


R  = 


32-14 

[^1 


32+  -  - 
h 


,  L  w'^  (5t  4  ’  h  ’ 


Eq.  16 


p'  _  2  fre^cj^fw  6h 
h  Z^  |h  w 


where 


r(l--)5  +  0.08l  ri+-^^-(i+-^)l  ^>1 

L  w  j  L  w  ^  at  tJ  ’  h  ’ 


Eq.  17 


'"e  1  ,  2h 

IT  "  S-log-f  .'^<h/2'-J  . 


Eq.  18 
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'^c  1  ,  4jrw 

—  =  -iog  ,w>h/2.T 


Eq.  19 


and 


Eq.  20 


is  the  surface  resistance  of  the  conductor. 


Although  the  formulas  for  L  and  R  at  low  and  at  high  frequencies  are  available,  a,'^’ 
shown  above,  there  are  no  known  exact  or  approximate  expressions  for  the  values  in 
the  medium-frequency  region.  Extensive  numerical  experiments  have  shown  that 
relative  simple  approximations  for  the  variations  of  the  inductance  and  resistance  in 
this  region  seems  to  be  sufficient  of  practical  purposes.  These  formulas  are 
presented  below. 

First  we  have  to  define  the  boundaries  of  the  medium-frequency  region.  The  lower 
boundary  is  the  frequency  at  which  the  resistance  and  inductance  start  changing 
from  their  d.c.  values,  and  the  upper  boundary'  is  the  frequency  at  which  equation  (5) 
becomes  valid. 

Extensive  numerical  experiments  have  shown  that  the  upper  boundary  of  the 
low-frequency  region,  i.e.,  the  lower  boundary  of  the  medium-frequency  region,  is 
approximately  given  by 


2  R  R 

^  ^  go  wo 

°  fTo  R  +  R 

go  wo 


where  R  and  are  given  by  equation  (7)  and  (8),  respectively. 


Eq.  21 
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The  boundary  between  the  medium-frequency  and  high-frequenc>'  regions  is  given 
by 


1.6  + 


10  t/w 
1  +  w/h 


jr/r  a  t 


2 


Eq.  22 


First,  we  evaluate  R'«(f^)  from  equations  (1.36-37)  at  a  frequency  f^  which  is 

assumed  to  be  in  the  high-frequency  region.  (Actually,  f„  =  1  Ghz  in  the  program, 

but  this  frequency  need  not  be  greater  than  4.)  Next,  we  evaluate  the  skin-effect 
region  resistance  extrapolated  to  f^  as 


Rs  (fs)  =  R.  (f«)  k  . 

Eq.  23 


Now,  tne  resistance  and  inductance  per  unit  length  are  given  by 


Rs(fs) 


f/fs  +  ''l  +{f/f+ 


R(0  =  Ro  + 


1  + 


v^fTg 


K  Cs)  -  Rq  i  F(0  -  R( 


1  + 


0.2 


rr^  ‘“8  0  +  f/o 


Eq.  24 


L'(0  = 


Rsffs) 


+  + 


L  - 


K  ih') 

2jrf 


F(f) 


Eq.  25 
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where 


1 


Eq.  26 


and  R  Q  =  R  (0). 

Strip  transmission  lines  (striplines)  are  much  more  frequent  in  fast  digital  circuits 
(transmission  lines  at  all  the  inner  layers  of  a  printed-circuit  board).  The  cross 
section  of  a  stripline  is  shown  in  Fig.  2-4.  The  total  dielectric  thickness  is  (2h  -f  t), 
its  relative  permittivity  is  and  loss  tangent  tg  d  .  The  thickness  of  the  signal 

conductor  and  the  ground  conductors  is  t,  their  conductivity  is  cr,  and  relative 
permeability //j. .  The  signal  conductor  width  isw,  and  the  ground  conductor  width 

is  g  (and  it  is  assumed  to  be  much  larger  than  h,  but  finite). 


Figure  2-4:  Cross  Section  of  a  Strip  Transmission  Line 
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Exact,  analytical  expression  for  the  stripline  inductance  and  resistance  per  unit 
ength,  as  a  function  of  frequency,  are  not  known.  The  analysis  of  such  transmission 
imes  can,  however,  be  performed  numerically,  for  example,  using  methods  similar  to 
the  previous  section.  Based  on  an  interpolation  of  these  results  and  on  some 
theoretical  considerations,  a  set  of  closed-form  formulas  has  been  derived. 

The  frequency  behavior  of  inductance  and  resistance  per  unit  length  of  striplines  is 

veo.  similar  to  the  same  dependence  of  microstrip  lines.  As  described  previously 

t  e  requency  is  divided  into  three  ranges:  the  low-frequence-  range  (starting  from 

t  le  d.c.),  the  medium-frequency  range,  and  the  high-frequenev  range  (skin-effect 
region).  -  o  v 

As  before,  low-frequency  resistance  per  unit  length  (i.e.,  the  c.c.  resistance)  of  the 
Stripline,  sketched  in  Fig,  2-3,  is  given  by 


K(o)  =  Rn  =  R„„  +  r:. 


Eq.  27 


where 


R’  = 
go  2  a  g  t 


is  the  equivalent  resistance  per  unit  length  of  the  ground  condcc 


tors,  and 


Eq.  28 


a  w  t  ’ 

is  the  resistance  per  unit  length  of  the  signal  conductor. 


Eq.29 


Simple  formulas  of  the  low-frequency  inductance  can  be  obtained  by  assuming  the 

conductors  to  be  very  thin  (i.e.,  t<  <w,g),  as  explained  previously.  In  that  case  we 
have 
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Lo  =  L'(0)  - 


w/2  w/2 

Iff  ■  ■ 

'  log|  (x-x)|dx  dx 

-  w/2  -  w/  _ 


w/2  g/2 

2 _ 

—  /  /  log  a/^x-x’)2  +  (h  +  t)-  dx’  dx 

°  -  w/2  -g/2 

"  g/2  g/2 

/  /  log]  (x-x’)ldx'  dx 

-  g/2  -  g/2 

g/2  g/2 

log'^(x-x')-  +  (2  h  +  2 1)^  dx’  dx 

-  g/2  -  g/2 

These  integrals  can  again  be  evaluated  explicitly. 

As  for  microstrip,  the  stripline  high-frequency  inductance  per  unit  length  (  L'^  )  and 

the  capacitance  per  unit  length  (C  )  can  be  evaluated  form  the  high-frequency 
characteristic  impedance  of  the  stripline  (  )  and  the  velocity  of  wave 

propagation  in  the  dielectric. 

In  the  literature  there  exist  approximate,  closed-from  formulas  for  the 
high-frequency  characteristic  impedance  and  the  resistance  per  unit  length  (  R’^  )  of 

striplines.  After  corrections,  the  formulas  read: 


Eq.30 
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Eq.  40 


where 


_ 

s  ^  ’  Eq.  41 


is  the  surface  resistance  of  the  conductors. 

The  upper  boundary  of  the  low-frequency  region,  i.e.,  the  lower  boundary  of  the 
medium-frequency  region,  is  approximately  given  again  by  equation  21. 

Numerical  experiments  of  both  microstrip  lines  and  striplines  have  shown  that  good 
boundaries  between  the  medium-frequency  and  high-frequency  regions  can  be 
given  by 
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Eq.  42 


First,  we  evaluate  (f^)  from  equation  (19)  at  a  frequency  f^  which  is  assumed  to 
be  in  the  high-frequency  region.  (Actually,  f^^,  =  1  Ghz  in  the  program,  but  this 
frequency  need  not  be  greater  than  f^  as 


Rs(fs)  = 
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Eq.  43 
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Finally,  the  resistance  and  inductance  per  unit  length  are  given  by 
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where 


F(f) 
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Eq.  46 


The  estimated  accuracy  of  the  above  closed-form  expressions  is  better  than  10%,  for 
w  t 

0-2  5,  0.001  <  —  <  .02  and  g  >  w  -f-  2  (h  -t-  t).  The  accuracy  is  defined 

here  as  the  relative  error  in  R  (or  L  )  at  a  given  frequenc>',  or  the  relative  error  in 
frequency,  for  a  given  resistance  (or  inductance)  per  unit  length,  whichever  is 
smaller. 
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Secison  1.0 

Application  of  HTSC  Interconnects  for  Digital 
i  Multi-Chip  Modules 
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1.1.  Technology  Requirements  and  Opportunities 

Since  nearly  the  advent  of  integrated  circuit  technology,  the  vision  has  been  to  bypass 
the  great  expense  and  performance  compromises  of  multi-level  packaging  by  im¬ 
plementing  entire  systems  (or  major  portions  thereof)  on  a  single  IC  wafer.  Unfor¬ 
tunately,  a  number  of  technical  realities  mitigate  against  such  a  wafer-scale  integration 
approach,  at  least  for  general  purpose  digital  systems.  The  p'  incipal  problem  is  yield, 
and  the  very  high  overhead  costs  of  coping  with  this  through  redundancy,  but  perhaps 
equally  important  are  issues  of  process  and  design  optimization.  Manufacturers  of  a 
specific  ultra  high  density  DRAM  chip  could  not  be  expected  to  achieve  the  same  cost, 
density  and  performance  levels  if  the  function  had  to  be  created  as  a  part  of  a  larger 
general-purpose  logic  design.  These,  and  other,  practical  considerations  have 
modified  the  focus  away  from  the  single  semiconductor  substrate  wafer  scale  integra¬ 
tion  vision  to  the  “hybrid  wafer  scale”  concept  in  which  virtually  the  same  density 
goals  are  achieved  in  a  multi-chip  module  (MCM)  virtually  “tiled”  with  VLSI  die  (as 
illustrated  at  the  right  of  Fig.  1-1) 

It  is  now  generally  accepted  that  the  coming  wave  in  electronics  packaging  is  the 
multi-chip  module  (MCM).  In  MCM  Staging  technology,  bare  integiated  circuit 
die  are  attached,  both  physically  (chip  bonded)  and  electrically  (pad  bonded),  to  a 
substrate  which  carries  some  type  of  multi-layer  interconnect  system  to  provide  for  the 
power  connections  to  the  die  and  the  large  number  of  signal  interconnections  required 
between  the  various  chips  on  the  MCM,  and  to  the  “outside  world”.  The  MCM,  which 
may  contain  anywhere  from  a  few  IC  chips  to  over  a  hundred  in  current  MCM  practice 
(and  which  may  be  expected  to  increase  to  many  hundreds  and  possibly  the  low 
thousands  in  the  future),  represents  the  first-level  package  for  the  IC  die.  By  eliininat- 
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ing  the  requirement  for  a  large  number  of  individual  IC  packages,  the  MCM  allows  for 
major  reduction  in  size  and  weight  in  electronic  systems  (and  potentially  reduction  of 
cost). 


One  of  the  key  derivative  benefits  of  MCM  technology,  which  is  a  consequence  of  the 
reduction  in  size,  is  a  major  reduction  of  signal  agation  delay  or  signal  latency.  In 

transmission  lines,  the  propagation  velocity  of  J  pulses  is  limited  by  the  speed  of 

light  divided  by  the  square  root  of  the  average  dielectric  constant  of  the  dielectric(s) 
between  the  signal  line  and  ground  plane(s).  The  total  pulse  delay  is,  of  course,  not 
less  than  the  line  length  divided  by  this  velocity.  The  very  small  distances  between  IC 
chips  in  MCM’s  (as  compared  to  circuit  board  packaging)  greatly  reduced  this 
propagation  delay.  Since  in  most  digitaJ  systems  the  maximum  clock  frequency  is 
limited  to  the  reciprocal  of  the  sum  of  the  logic  circuit  delay  plus  this  signal  intercon¬ 
nect  propagation  delay,  reduced  propagation  delays  translate  into  higher  system 
speeds,  particularly  if  the  logic  speeds  can  be  increased  as  well.  Of  course,  the  major 
direction  of  thrust  in  the  senuconductor/IC  industry  has  been  to  increase  chip  speeds 
(the  new  Macintosh  FX  runs  at  a  40  MHz  clock  rate,  for  example),  so  that  the  reduced 
interconnect  delays  afforded  by  MCMs  are  precisely  what  digital  system  designers 
need  to  translate  the  escalating  IC  speeds  into  greatly  improved  system  performance. 


1.2.  Constraints  on  MCMs  Due  to  Interconnect  Resistance 

The  simplest  concept  for  a  large  MCM  would  be  to  use  normal  semiconductor 
processing  (two  to  four  layers  of  metal  interconnects  with  typically  -Ifivn.  signal 
linewidths)  on  a  large  (4"  to  6"  or  larger)  wafer  to  serve  as  the  inter-chip  connection 
medium  in  the  MCM.  Unfortunately,  even  a  4"  square  MCM  would  have  up  to  8"  long 
signal  lines,  which,  assuming  a  l//m  x  0.5  «m  cross  section  and  a p  =  1.7  x  10  ohm 
cm  metal  resistivity  (copper;  aluminum  would  be  worse),  the  line  resistance  would  be 
^max  ~  6909  ohms.  This  is  two  or  three  orders  of  magnitude  too  large  to  be  useable 
for  interconnects  in  a  high  speed  digital  svstem. 
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All  signal  interconnects  in  digital  systems  are,  for  better  or  for  worse,  transmission 
lines.  As  illustrated  in  Fig.  1-2,  signal  lines  implemented  with  normal  metal  conduc¬ 
tors  can  usually  be  approximated  as  an  ideal  distributed  L-C  line  with  a  conductor 
resistance  in  series  with  each  inductor  (this  ignores  the  dielectric  losses).  In  the  ideal 
case  when  the  total  signal  line  resistance  is  very  small  in  comparison  to  the  line 
impedance,  <  <  Z^,  the  waveform  integrity  is  excellent  and  the  velocity  of 
propagation,  Vp,  is  just  given  by 


vp  =  c/V^  Eq.  1 

where  e  ^  is  the  average  dielectric  constant  in  the  line.  Since  the  line  impedances 
normally  employed  are  in  the  range  of  =  50Q  (or  within  a  factor  of  2  of  this), 
clearly  the  8"  long,  W  =  Ifim  copper  line  (R,ine  =  6909Q)  case  cited  above  is  far  from 
this  ideal  case.  As  noted  at  the  bottom  of  Fig.  1-2,  for  R,i„,  <  <  Z^,  the  propagation 
approaches  a  distributed  R-C  line  characteristic  which  exhibits  so-called 
telegrapher  s  delay  or  signal  “diffusion”  characteristics,  with  gross  distortion, 
risetime  degradation  and  long  signal  delays. 

While  we  know  line  resistances  of  a  few  ohms  are  great  and  a  few  kilohms  are  terrible, 
we  would  like  to  be  a  bit  more  quantitative  as  to  what  line  resistance  is  tolerable  in 
practical  applications.  The  signal  interconnect  configuration  which  is  most  tolerant  of 
line  resistance  is  the  source-terminated,  open-load  case,  as  approximated  by  CMOS. 
Clearly,  R^^,  <  lOQ  is  nearly  ideal  and  >  200Q  is  very  bad,  Mth  long  delays  to 
reach  threshold  and  very  poor  risetimes.  Practically,  R^^^  =  50Q  is  useable  for  this 
case,  and  R^^g  =  lOOQ  might  be  tolerable  if  the  gross  reduction  of  slew  rate  through 
threshold  is  acceptable  (as  it  might  be  for  data  lines,  but  not  for  a  clock,  for  example). 
In  the  more  common,  load-terminated,  configuration  as  used  with  ECL  and  most 
GaAs  ICs  to  implement  veiy  high  speed  systems,  the  line  resistance  tolerance  is  less. 
When  single-ended  signal  transmission  is  used  with  a  logic  voltage  threshold  (Vgg) 
reference  internal  to  the  receiving  chip,  the  dc  attenuation  of  the  signal  “high”  due  to 
the  line  resistance/load  resistor  voltage  divider  directly  degrades  the  noise  margin  on 
a  signal  high.  The  most  favorable  case  =  Z^  =  50Q  ),  in  which  an  = 

15Q  might  be  acceptable.  In  most  practical  load-terminated  cases,  however,  the 
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source  resistance  is  much  lower,  increasing  the  sensitivity  to  conductor  resistance  and 
making  Rjine  =  lOQ  about  the  practical  maximum.  If  full-differential  signal  transmis¬ 
sion  were  used  for  this  ECL  case,  the  tolerance  would  be  similar  to  the  CMOS  case. 

Note  that  pulse  propagation  involves,  for  fast  signal  risetimes,  reasonably  high  fre¬ 
quency  signal  components.  For  example,  in  a  100  MHz  clock  rate  system,  at  least  300 
MHz  (3rd  harmonic)  frequency  components  are  important  and  must  be  minimally 
attenuated  to  avoid  pulse  distortion,  risetime  degradation  and  excess  delay.  In  room 
temperature  copper  at  300  MHz,  the  skin  depth  (thickness  of  the  surface  region  in 
which  the  AC  current  is  carried)  is  only  d  =  3.8//m.orRs  =  4.6  milliohms  per  square. 
Hence,  for  a  conductor  of  width  W  and  thickness  t^,,  for  t^  ~  2  delta  ,  instead  of 
behaving  as  if  its  conducting  area  were  A\v  =  tj^W,  it  will  effectively  be  less  than 
(Aw)ac  =  2(5  (W  -t-  tjn),  which  may  be  much  smaller,  and  frequency-dependent,  as  d 
is  proportional  to  l/vj.  Hence,  a  simple  dc  analysis  substantially  underestimates  the 
seriousness  of  the  line  resistance  problem  with  normal  metal  interconnects. 


1.3.  Interconnect  Conductor  Resistivity  Influence 
On  MCM  Fabricability 

Understanding  that  the  signal  interconnect  conductor  resistances)  must  be  kept  under 
10  ohms  or  so  (for  ECL-t}'pe  signal,  perhaps  five  to  ten  times  this  for  CMOS),  we 
would  like  to  quantitatively  evaluate  the  implications  for  the  resistivity  of  the  conduc¬ 
tor  metal  on  the  practical  realizability  of  high  density  multi-chip  modules.  We  will 
assume,  for  simplicity,  a  square  MCM  with  Nr  rows  and  columns  of  chips  (for  a  total 
of  N^hip  =  Nr  VLSI  die  on  the  MCM)  with  the  die  mounted  as  closely  as  their 
mounting  technology  allows  (about  0.35  mm  die  separation  for  flip-chip  mounting  or 
about  2mm  die  separation  for  wirebonding).  The  total  MCM  size,  Xf^,  is  Nr  times  the 
sum  of  the  chip  size  plus  this  die  separation.  The  maximum  length  of  a  signal  intercon¬ 
nect  (comer  to  corner)  will  be  taken  as  2Xf^  (Manhattan  wiring  with  no  wrong-direc¬ 
tion  paths).  To  keep  the  conductor  resistance,  Rm^x’  of  ^uch  a  w'orst  case  signal  line 
below  the  allowable  lit  for  proper  signal  propagation  characteristics  (eg.,  R^gx 
lOQ  )  given  a  finite  conductor  resistivity./?,  requires  that  the  cross-sectional  areas,  and 
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I  hence  (assuming  a  constant  thickness  to  width  ratio,  T^r  for  the  wires)  the  conductor 

'  linewidth,  W,  must  be  kept  adequately  large.  Hence  as  the  MCM  size,  and  the 

metal  resistivity,  p,  are  increased,  W  must  be  increased  as  Unfortunately, 

j  increasing  W  decreases  proportionately  the  length  of  wire  w'e  can  implement  on  one 

layer  of  interconnect.  The  only  w-ay  around  this  is  to  increase  the  number  of  signal 
layers,  S,  used  to  implement  the  multi-layer  interconnects  in  the  MCM. 

^  While  conceptually  one  may  arbitrarily  increase  the  numbers  of  signals  interconnect 

layers,  S,  used  to  implement  an  MCM  in  order  to  match  the  requirements  for  inter¬ 
chip  interconnect  v/iring,  these  are  very'  real  practical  constraints  on  S.  As  W  is 
increased,  in  order  to  maintain  the  desired  (=50Q,  the  stripline  dielectric  thick- 
^  nesses  must  also  be  increased,  which,  if  many  layers,  S,  are  required  can  make  the  total 

multi-layer  interconnect  structures  thickness  impractical.  Automatic  place  and  route 
software  packages  are  also  generally  unable  to  cope  with  more  than  6  or  8  signal  layers 
in  most  commercial  packages  (although  propriety  packages  for  internal  use  allowing 
^  more  layers  likely  exist).  Further,  in  a  multi-layer  interconnect  scheme  of  the  usual 

triplate^  (ground-X-Y-ground)  configuration,  adding  2  signal  layers  means  adding  3 
more  total  metal  layer  masks  plus  3  more  inter-layer  via  masks  (one  through  each  of 
the  3  added  dielectric  layers).  Processing  yields  tend  to  fall  as  the  y'ield  per  mask  level 
^  taken  to  the  pow-er  of  the  number  of  mask  levels.  Hence  while  it  may  sound  vaguely 

credible  to  say  that  it  would  take  (at  dc)  S  =  44  layers  of  copper  interconnects  to  wire  a 
6"  high  density  flip-chip  MCM,  when  we  note  that  this  requires  67  total  metal  layers 
(including  grounds)  or  a  total  of  133  mask  steps  (metal  -t-  via)  to  make  such  a  structure 
(if  you  are  a  processing  person  you  likely  have  passed  out  at  this  point),  you  have  only 
to  note^that  even  a  95%  full-wafer  (MCM  substrate)  yield  per  mask  step  would  give  a 
0.95  =  0.109%  estimated  end  yield  for  the  (very  expensive)  process.  While, 

through  the  use  of  m-process  and  post-fabrication  EC  (engineering  change)  rework 
^  capabilities,  useable  production  yields  of  some  very  complex  multi-layer  ceramic 

boards  have  been  demonstrated  (eg.  IBM),  the  fact  that  implementing  large  numbers 
of  signal  interconnect  layers  is  extremely  difficult  and  expensive  and  represents  a 
major  technological  obstacle  to  increasing  maximal  density  MCM  sizes. 
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1.4.  Quantitative  Comparison  Of  Normai  Metai 
And  HTSC  MCM  Impiementations 

While  it  is  clear  from  a  qualitative  standpoint  that  interconnect  metal  resistivity 
requires  larger  rium’'ers  of  interconnect  layers  to  wire  an  MCM,  and  from  a  technol¬ 
ogy  standpoint  that  too  many  layers  is  impractical  we  need  a  quantitative  analysis  to 
determine  if  HTSC  technology  is  required  for  real  cases  of  interest  for  high  density 
MCMs.  Such  a  quantitative  MCM  wireability  analysis  will  have  a  result,  for  example, 
the  determination  of  how  many  signal  interconnect  layers  are  required  to  complete 
the  inter-chip  wiring  on  a  given  sized  maximal  density  MCM  substrate.  Fig.  1-3  gives 
an  overview  of  how  such  a  wireability  analysis  is  carried  out,  with  Fig.  1-4  describing 
the  detailed  equations  and  relationships  involved.  As  shown  in  Figs.  1-3  and  1-4,  the 
essence  of  the  analysis  is  to  equate  the  wire  supply  (right  hand  side  of  the  figures),  as 
determined  from  the  interconnect  linewidth,  W,  and  number  of  interconnect  layers,  S, 
with  the  amount  of  wire  anticipated  to  be  required  to  complete  all  of  the  signal 
interconnects  on  the  MCM.  While  we  have  discussed  the  effect  of  conductor  resis- 
tivit\',/3  on  W  and  other  aspects  of  the  supply  side  of  Figs.  1-3  and  4,  we  must  now  give 
our  attention  to  the  demand  (left)  side. 

Obviously,  the  total  wire  demand,  or  total  amount  of  wire  required  to  complete  the 
inter-chip  MCM  wiring  will  be  the  total  number  of  wires  required  (which  is  ap¬ 
proximately  the  total  number  of  pads  on  all  ICs  divided  by  2)  times  the  average  length 
of  the  wires  (see  Fig.  1-4  for  details).  An  important  tool  illuminating  both  the  required 
number  of  pads  per  chip  and  the  average  wire  length  is  the  empirical  relationship 
identified  by  Rent  at  IBM  relating  the  number  of  I/O  pins,  I,  required  at  a  package 
level  to  the  number  of  circuits,  Ng,  contained  within  it  as 

I  =  BN|  (Rent’s  Rule)  Eq.  2 

where  the  Rent’s  exponent,  p  is  typically  of  the  order  of  2/3  (0.5  to  0.7;  see,  for 
examples.  Ref.  1  and  2).  As  shown  in  Fig.  1-1  through  1-5  of  Ref.  1,  while  some  kinds 
of  IC’s  (particularly  memory  chips)  have  substantially  fewer  I/O’s  than  suggested  by 
Eq.  2,  for  general  high  performance  logic  chips  (such  as  gate  arrays  or  standard  cell 
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arrays),  an  Ng  =  lOK  gate  chip  would  be  expected  to  have  about  370  I/O  pads,  while  a 
30K  gate  chip  would  have  about  I  =  700  pads.  In  fact,  these  numbers  are  generally 
realizable  only  if  the  die  are  flip-chip  mounted  (area  array  pads);  with  conventional 
wdrebonding,  pad  to  pad  spacing  limitations  (4  mils  center  to  center  for  conventional, 
or  about  3  mils  for  staggered  pads,  in  current  wireboiiding  technology)  also  apply. 
Hence,  while  a  1  cm  30K  gate  chip  would  “want”,  from  Rent’s  Rule,  about  700  pads, 
there  is  only  room,  at  4  mil  spacing,  for  400  peripheral  pads  (or  about  530  staggered 
pads  at  3  mils  spacing). 

To  evaluate  the  total  wire  length,  we  need  not  only  the  total  number  of  wires  (« 
^Vads/2),  but  also  the  average  wire  length,  E  which  is  usually  written  as  E  =  '^clup> 
where  Xj,}jip  is  the  chip  pitch  and  R  is  the  average  wire  length  measured  in  chip  pitches. 
R  must  be  obtained  from  some  t>pe  of  statistical  wire  length  theory.  A  very  simple 
theory  is  obtained  if  we  assume  that  the  chips  are  randomly  placed  on  the  MCM  so 
that  it  would  be  equally  probable  that  a  given  chip  would  connect  to  any  other  chip 
location.  For  this  random  placement  case,  it  can  be  show  that  R  =  2Ar/3,  where  Nj^ 

is  the  number  of  rows  and  columns  of  chips.  This  is  a  quite  pessimistic  model, 
however,  since  it  is  the  goal  of  intelligent  chip  placement  to  make  as  many  of  the 
interconnects  as  possible  as  short  as  possible.  Based  on  applying  the  Rents  Rule  (Eq. 
2)  concept  to  progressive  subdivisions  of  the  system,  Donath  developed  an  e.xpression 
for  R  involving  the  total  number  of  chips,  and  the  Rent’s  Rule  exponent, 

p  (see  Eq.  A-8,  p.64,  of  Ref.  2,  or  the  bottom  left  side  of  Fig.  1-4  here  for  the  somewhat 
complicated  expression  for  R).  For  N.^ip  =  4  (Nr  =  2),  the  Donath  theory  gives  the 
same  result  (R=  4/3)  as  the  random  placement  case,  which  is  reasonable  as  all  chips 
are  virtually  nearest  neighbors.  For  purposes  of  the  copper  HTSC  comparisons  in 
Figs.  1-5  through  1-8,  a  Rent’s  exponent  value  of  p  =  2/3  was  used. 

Fig.  1-6  summarizes  the  calculation  assumptions  (values  of  parameters  in  Fig.  1-4)  for 
a  maximal  oensity  MCM  with  up  to  Nr  =  40  rows  and  columns  of  flip-chip  mounted, 
0.6  cm  lOK  gate  VLSI  die  (I  =  370  ‘  ignal  VO  pads)  mounted  on  it.  The  calculation  in 
for  the  number  of  copper  interconnect  layers,  S,  necessary  to  keep  the  maximum  line 
resistance,  R^ax.  below  both  for  dc  and  for  300  MHz  ac  frequency  components  (eg. 
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the  3rd  harmonic  of  a  100  MHz  check)  10  ohms  both  for  dc  and  for  300  MHz  are 
frequency  components  (eg.,  the  3rd  harmonic  of  a  100  MHz  check.  As  seen  in  Fig.  1-6, 
with  Nr  =  24  rows  and  columns  of  die  (576  chips),  the  MCM  size  will  be  Xj^  =  6"  and 
will  require  over  =  43  layers  of  W  =  32  /^m  linewidth  copper  interconnect  at  dc, 
or  for  300  MHz  ac,  =  61  layers  of  W  =  45.6  //m  copper  lines.  On  the  other  hand, 
assuming  that  the  same  (or  probably  better)  signal  propagation  quality  can  be  ob¬ 
tained  with  W  =  2  //mwide  HTSC  lines,  the  calculated  number  of  interconnect  layers 
in  Fig.  1-8  is  only  s  =  2.68.  In  other  words,  if  the  HTSC  lineuidth  were  reduced  to  W 
=  1.5  //m,  the  whole  MCM  could  be  wired  with  only  2  HTSC  signal  layers.  This  is  a 
vast  improvement  over  61  copper  signal  interconnect  layers  (or  more  relevantly,  93 
total  metal  layers  including  ground  planes).  These  ac  and  dc  results  are  plotted  versus 
MCM  size  in  Fig.  1-5.  Figs.  1-7  and  1-8  show  the  dc  only  results  and  plots  for  a  similar 
case  using  larger,  1cm  30Kgate  chips  with  700  signal  I/O  pads,  also  flip-chip  mounted. 
Numerous  other  cases  have  been  analyzed,  with  all  of  them  showing  substantial  to 
dramatic  advantages  for  HTSC  interconnects  as  the  MCM  sizes  increase. 

As  is  obvious  from  the  foregoing  discussion,  and  Figs.  1-5  through  1-8,  there  is  a 
strong  need  for  an  HTSC  multi-layer  interconnect  technology  in  order  to  practically 
implement  large  maximal  density  MCMs  having  large  numbers  of  high  I/O  count  VLSI 
die.  Having  esmblished  the  need  for  HTSC  materials  in  MC.Ms,  the  next  issue  is  the 
requirements  m  the  HTSC  technology  to  effectively  address  these  needs.  One  very 
important  issue  is  the  dielectric.  For  the  system  to  operate  at  a  clock  frequency 
approaching  the  maximum  clock  frequency  of  the  IC’s  the  interconnect  propagation 
delay,  tpj  must  be  small  in  comparison  to  tiog;,..  Typically,  where  maximum  perfor¬ 
mance  is  desired,  an  effort  will  be  made  to  keep  tpj  to  20  percent  or  so  of  the  clock 
cycle  time,  t^pck  =  1  /^c-  Hence,  for  an  f^.  =  100  MHz  clock  frequency,  we  would  like 
a  wo rst  case  interconnect  delay  of  20  percent  of  10ns  or  tpd  =  2  ns.  For  a  6"  MCM  with 
a  longest  case  L  =  12"  line,  this  would  require  an  electromagnetic  propagation 
velocity,  Vp,  of  Vp  =  15.24  cm/ns  or  a  unit  delay  of  1/Vp  =  167  p.s/inch.  For  a  lossless 
interconnect  line  fully  imbedded  in  a  dielectric  (eg.  stripline  configuration)  of  relative 
dielectric  constant  e  ^  from  Ec  .  1,  this  would  require  that  the  dielectric  constant 

cannot  exceed  e  ^  =  3.9.  Clearly  this  excludes  the  use  of  the  usual  LaA103  I^TTSC 


I 
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growth  substrates  (  e  ^  =  26)  as  the  signal  interconnect  dielectric,  as  its  stripline 

velocity  (Vp  =  5.88  cm/ns  or  1/Vp  =  432  ps/inch)  is  several  times  slower  than  desired 
and  would  make  this  worst-case  line  delay,  tp^ ,  over  half  of  the  100  MHz  clock  period, 
an  unacceptable  performance  penalty.  Dielectrics  such  as  silicon  dioxide  ( e  ^  =  3.9) 
and  many  polyimides  would  be  acceptable  (although  the  corrosive  nature  of  some 
polyimides,  might  destroy  the  HTSC  materials),  but  a  low  dielectric  constant  polymer 
such  as  benzocyclobutene  (BCB)  with  £  ^  =  2.65  (Vp  =  18.42  cm/ns  or  1/Vp  =  138 
ps/inch)  would  be  better  (and  BCB  is  low-loss  and  non-corrosive  in  nature,  so  it  might 
be  less  likely  to  degrade  the  HTSC  conductors)  Fig.  1-9  shows  the  variation  of  the  unit 
delay  1/Vp,  of  transmission  lines  as  a  function  of  £  ^  WTiile  £  ^  <4  values  are  certainly 
desirable,  if  MgO  -  like  or  CaF2  -  like  dielectric  constants  (£  ^  ~  9  or  less)  were 
necessitated  by  the  HTSC  technology,  this  would  probably  be  acceptable. 

Another  critical  issue  from  the  standpoint  of  HTSC  technology  is  the  pulsed  current 
densities  that  the  signal  interconnect  lines  must  suppon.  These  are  shown  in  Fig.  1-10 
for  both  the  case  of  load-terminated  (ECL  or  GaAs)  and  source  -  terminated,  open 
load  (CMOS  -  like)  transmission  line  interconnects.  For  ECL  or  GaAs,  the  peak 
currents  required  are  about  22  ma,  with  a  dc  component  present,  while  5V  CMOS 
requires  ±50  ma  pulses  (of  duration  2  tpj),  pure  ac.  If  we  assume  a  1/^m  x  2/im 
HTSC  conductor,  the  pulsed  current  densities  are  respectively  1.1  x  10^  A/cm^  and 

2.5  X  10  A/cm  .  While  these  pulse  values  cannot  be  directly  related  to  the  dc  critical 
current  density  value,  J^.,  dc  values  substantially  higher  than  these  numbers  have 
been  demonstrated  in  high  quality  HTSC  films.  It  xs  also  worth  noting  that  the  loss  of 
the  pure  superconducting  state  in  most  HTSC  materials  is  somewhat  “soft”  near  , 
and  for  this  application,  the  interconnect  conductor  need  not  have  zero  resistance 
(several  ohms  is  certainly  OK),  allowing  for  higher  current  density  opei  ation. 
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Section  2.0 

Commercialization  of  High  Temperature 
Superconducting  Technology 

2.1.  Background 

The  HTSC  program  at  DARPA  is  three  years  and  approximatelv  575.000,000  has  been 
spent  in  an  effort  to  capitalize  on  what  promised  to  be  a  high  leverage  HTSC  technol¬ 
ogy  for  a  variety  of  military  and  commercial  applications.  So  far  in  electronics,  only  a 
small  niche  market  has  been  identified  and  that  is  to  app'.y  HTSC  for  passive 
microwave  devices.  The  total  passive  microwave  device  market  is  no  larger  than 
$50,000,000  per  year  with  only  a  small  portion  of  that,  maybe  S  10.000.000  per  year,  will 
be  used  for  HTSC;  certainly  no  where  close  to  justify  the  $25,000,000  per  year  that 
DARPA  spends. 

In  the  early  days  of  HTSC  discoveries,  there  was  tremendous  excitement  in  the 
technical  and  government  communities  about  the  potentials  o:  HTSC.  Even  Presi¬ 
dent  Reagan  made  an  appearance  at  a  conference,  closed  to  off-shore  personnel,  to 
highlight  his  enthusiasm  and  his  support  for  this  technolog\'.  Tne  venture  capitalists, 
by  the  droves,  poured  money  to  start-up  enterprises,  many  of  which  had  no  products, 
no  business  plans,  little  knowledge  of  applications,  or  customers  needs  and  in  some 
cases  even  lacked  the  fundamentals  of  business  know-how. 

In  the  early  days  of  this  program,  certainly  no  one  had  clear  ideas  as  to  where  this 
technology  could  end  up.  DARPA’s  program  was  spread  over  60  contractors  in  an 
effort  to  ensure  total  coverage  of  every  possible  opportunitv'. 

Today,  more  than  three  years  later,  much  of  the  enthusiasm  in  the  technical  and 
government  communities  has  been  lost.  Now  it  is  realized  that  nearly  all  near  term 
applications  address  small  non-stand  alone  markets  and  that  large  markets  are  far 
down  stream. 
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e  end  result  of  all  of  these  factors  jeopardize  the  support  base,  government  in¬ 
dustrial,  and  venture  capitalists  for  the  R  &  D  phase  of  HSTC.  Certainly  the  veniure 
capimhsts  could  not  be  expected  to  continue  their  support  unless  a  dramatic  shotvinv 
by  HTSC  technology  to  address  large  near  term  markets  is  realized. 


2.2.  Goal  of  HTSC  Technology  Commercialization  Task 

goal  of  this  task  has  been  to  identify  a  significant  near  term  application  of  HTSC, 
egm  to  scope  all  commercialization  requirements  needed  to  be  addressed  and  iden- 
ttfy  those  steps  that  DARPA  needs  to  undertake  so  that  such  applications  can  be 
optima  y  realized  for  the  USA  with  specific  leverage  of  critical  military  systems. 


2.3.  HTSC  -  MCM 


2.3.1,  Background 

The  first  application  that  we  have  identified  is  HTSC  -  MCM.  Dr.  R  C  Eden  is 
addressing  the  technical  device  and  system  benefits  that  can  be  realized  from'this 

technology.  This  is  being  written  in  Section  I.O  of  this  report.  Here  we  discuss  the 
commerrialization  issues  related  to  HTSC  -  MCM. 


2.3.2.  Infrastructure 

Fig.  2-1  depicts  the  needed  elements  of  MCM  technology  to  establish  a  viable  in- 
rastracttire.  As  shown,  there  is  the  need  to  fabricate  a  multi-layered  module  as 
discussed  m  Sec.  1.  low  c  substrates,  CAE  tools,  chips  that  are  (perhaps)  optimized  for 
ow  temperature  operations,  ability  to  test  bare  die  before  mounting  them  on  MCM 
1 1^  to  have  testability  on  mounted  chips  to  simplify  MCM  failure  testing,  the  ability 
to  ftilly  test  loaded  MCM,  and  cost  effective  cryogenics.  Such  an  infrasttture  doel 
not  exist  today  and  must  be  cultivated  if  HTSC  -  MCM  is  proven  to  be  viable. 
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2.3.3.  Status  of  Conventional  MCM 

DARPA  -  DSO  is  already  funding  a  conventional  MCM  program  under  Dr.  Murphy. 
In  this  area,  it  is  clear  that  the  merchant  infrastructure  is  weak,  while  the  captive  one, 
which  at  best  could  survive  at  two  or  three  companies,  will  not  be  available  to  other 
system  houses.  In  this  spirit,  DARPA  is  encouraging  the  MCM  development  in 
merchant  houses  to  strengthen  this  merchant  infrastructure  and  ensure  access  of  this 
technology  to  a  broad  system  base.  While  DSO  supports  only  the  MCM  fabrication 
houses,  DSO  also  is  monitoring  other  aspects  of  the  infrastructure  to  ensure 
availability  of  all  elements  of  the  MCM  technology.  Here  there  exists  the  embryo  of  a 
merchant  infrastructure  that  can  be  nurtured  by  government  funds.  There  are  at  least 
eight  merchant  MCM  fab-houses  and  over  fifty  CAE  tools  vendors  whose  products  are 
not  complete  nor  well  integrated  to  satisfy  system  designers.  On  the  positive  side, 
however,  many  MCM-houses  clearly  understand  electronics  and  are  able  to  work  with 
system  houses  to  ensure  proper  development  of  insertable  MCM  technologies. 

2.3.4.  Status  of  HTSC  -  MCM 

Most  players  in  HTSC  technology,  on  the  other  hand,  are  materials  engineers  and 
scientists  and  most  of  these  are  ceramicists  having  had  little  or  no  experience  as  to 

what  an  MCM  is,  let  alone  testing,  CAE  tools  utilities,  system  needs,  customers, 
markets,  etc. 

Obviously,  if  HTSC  -  MCM  infrastructure  is  to  be  realized  the  make-up  of  HTSC 

community  involved  in  this  area  has  to  be  infused  with  significant  electronic  know¬ 
how. 

The  HTSC  community  not  only  must  establish  a  technology  that  is  compatible  with  the 
silicon  industry,  but  must  also  be  in  position  to  dialogue  and  market  to  system  houses 
directly.  If  the  discussions  in  the  first  section  of  this  report  do  materialize,  indeed  a 
total  system  could  be  integrated  on  a  8"  x  8"  card.  Today  none  of  the  current  HTSC 
merchant  houses  are  in  a  position  to  address  this  market. 
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2.3.5.  Activities  During  the  Last  Three  Months 

We  have  held  several  meetings  and  have  had  numerous  discussions  mth  STT,  Conduc- 
tus,  Encore,  Mri;  Cornell,  Georgia  Tech,  Stanford,  Berkeley,  National  Labs,  several 
divisions  of  E-Systems,  semiconductor  houses,  Cray,  DEC,  and  MCC  all  in  an  effort  to 
define  a  road  way  that  could  lead  to  a  merchant  ETTSC  -  MCM  product  recognizing 
where  the  HTSC  technology  and  the  community  are  at.  We  have  received  strong 
support  and  enthusiasm  from  the  community  for  the  establishment  of  an  HTSC  - 
MCM  program.  The  recognition  to  focus  our  resources  has  been  quite  strong. 
Towards  that  end,  we  have  proposed  a  program,  depicted  in  Fig.  2-2,  to  be  nonsored 
by  DARPA,  which  we  feel  could  meet  the  goals  stated  in  Section  2.1.  It  is  felt  that  if 
we  can  succeed  in  developing  a  cost  effective  HTSC  -  MCM  technology,  indeed  the 
market  will  be  large  and  near  term  5  -  7  years.  This  we  feel  could  excite  the  tech¬ 
nologist,  the  system  houses  and  the  financial  and  business  communities. 

From  a  macroscopic  point  of  view,  the  program  will  consist  of  two  phases.  Phase  1  is 
an  R  &  D  phase  designed  to  demonstrate  (1)  proof  of  concept  of  an  Hl'SC  -  MCM 
manufacturable  process,  (2)  HTSC  -  MCM  benefit  at  the  system  and  device  level,  and 
(3)  establish  a  process  for  infusing  electronic  know-how  to  the  HTSC  community. 

Phase  2  will  consist  mainly  of  manufacturing  technology  development  and  the  estab¬ 
lishment  of  a  viable  merchant  PIT'SC-  MCM  infrastructure. 


In  Phase  1,  the  players  will  include  for  the  first  MCM  team  Cornell,  led  by  R. 
Buhrman,  MFi;  led  by  M.  Cima;  Georgia  Tech,  led  by  P.  Kohl;  E-Systems,  led  by  D. 
Kraussman  of  Melpar;  and  K.  Seawright  of  Greenville  Divisions  respectively;  STI,  led 
by  R.  Hammond,  Conductus,  led  by  J.  Rowell.  Since  E-Systems  is  a  systems  house 
heavily  involved  in  DOD  programs  that  require  high  electronic  system  performance 
and  have  had  intimate  relationships  with  the  conventional  MCM  infrastructure  and 

high  performance  computer  industry,  we  propose  that  they  lead  the  total  effort  as 
shown  in  Fig.  2-3. 
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Other  players  who  should  be  added  to  the  second  phase  are  companies  like  Cray  and 
CAE  Tools  teams.  It  is  recommended,  that  for  the  time  being,  Quad  continue  to  be 
funded  independently  to  help  address  the  CAE  tools  technology  and  services  to 
additional  MCM  teams  that  may  be  formed  later  on. 

Initial  milestones  for  the  recommended  team  vUl  be  definitized  in  a  meeting  to  be 
convened  for  all  players  in  January  1991.  Many  meetings  have  taken  place  with  the 
E-Systems  engineering  to  define  the  process  and  methodolog\'  of  implementing  this 
HTSC  -  MCM  program,  and  for  ensuring  that  the  technical  and  commercialization 
milestones  can  be  achieved  in  a  cost  effective  manner.  E-Systems  has  had  significant 
experience  in  such  MCM  programs. 

During  the  next  quarter,  we  plan  lO  study  the  possibilities  of  initiating  other  programs 
similar  to  the  one  headed  by  E-Systems. 

2.3.6.  Program  Emphasis 

Since  all  that  has  been  demonstrated  to  this  point  has  been  limited  to  paper  studies, 
and  since  it  is  clear  to  all  potential  participants  that  the  difficult  challenges  of 
demonstrating  proof  of  concept  at  several  levels,  technical,  manufacturing,  and 
marketing,  still  lie  ahead,  it  is  piUdent  that  the  resources  in  the  industrial  community 
be  wisely  deployed  to  address  tne  R  &  D  issues  collectively.  This  means  the  program 
in  spirit  s’lould  emp^  as'ze  that  the  R  &  D  community  work  together  and  that  the 
.succeaistul  technologies  be  transferred  to  all  vendors  interested  in  the  conmiercializa- 
tion  aspects.  To  this  end,  efforts  are  taken  to  assemble  the  teams  that  recognize  that 
the  major  goal  of  Phase  1  should  be  the  validation  of  the  technology  and  its  successful 
smooth  transition  to  industry.  For  this  reason,  students  and  professors  in  universities 
will  be  encouraged  to  spend  significant  time  in  industry'  while  the  program  is  actively 
in  progress. 
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The  effect  of  those  activities  would  be  to  produce  students  who  not  only  know  HTSC 
processing,  but  also  who  understand  MCM  technology,  lliis  should  be  extremely 
beneficial  to  the  merchant  HTSC  vendors  who  also  need  to  grow  an  in-depth  MCM 
know-how  at  all  levels  and  have  in  effect  no  sources  to  hire  engineers  who  understand 
HTSC  technology,  MCM  technology,  and  electronic  system  requirements  In  the 
meantime  HTSC  houses  by  interacting  directly  with  system  houses  and  with  MCM 
engineers  at  Georgia  Tech  and  MCM  engineers  at  E-Systems  will  in  time  evolve  the 
internal  talent  required  to  address  the  MCM  technology  and  market.  E-Systems 
which  has  strong  internal  MCM  application  programs  and  strong  ties  to  conventional 
MCM  houses  will  serve  to  guide  the  development  of  HTSC  -  MCM  technology  and  at 

the  same  time  introduce  the  HTSC  houses  to  commercial  and  defense  market  seg¬ 
ments.  ^ 
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Section  1. 

Technology  Requirements 


Magnetic  Flux  Density  Calculations 

In  response  to  comments  by  Professor  Malcolm  Beasley  of  Stanford 
(initial  concerns  related  to  Dr.  Frank  Patton,  with  follow-up  phone 
conversation  and  visit  by  R.  Eden  to  Stanford)  concerning  flux 
penetration  into  HTSC  lines,  (with  consequent  high  frequency  signal 
loss)  if  the  B-fieid  exceeds  100  Gauss  or  so  on  good  HTSC  material, 
analysis  of  the  expected  flux  densities  for  MCM  applications  has 
been  carried  out.  Of  particular  interest  is  the  importance  of  (if 
any)  the  HTSC  line  thickness  as  well  as  linewidth  and  ground 
configuration  (eg.  microstrip  or  stripline). 

Analytically,  one  ca_n  use  basic  magnetic  field  principles  (B  =  uH, 
where  uo  =  4  ff  x  10  Webers  meter-ampere,  and  ^  H  x  ds  =  I  the 
closed  loop  integral  of  H  equals  the  enclosed  current  )  to  obtain 
the  magnetic  field  strength  at  the  surface  of  a  number  of 
configurations.  For  example,  for  a  circular  conductor  of  diameter, 
d  (in  meters) ,  the  path  length  at  the  surface  (uhe  circumference) 
is  JTd,  so  Havg  =  I/frd,  or  (using  10  Gauss  =  1  Tesla  =  1  Weber/ 
meter^) ,  we  have 

Bavg  (Gauss)  =  .4.x  1^  ^  I  (amperes)  Circular  Conductor  (1) 
d  (meters) 

For  example,  for  d  =  2um  (2  x  10  ^  meters)  and  I  =  20mA,  we  have  B 
=  40  Gauss  at  the  surface  of  the  circular  conductor  (assuming 
radial  symmetry  as  in  a  coax  cable) . 

In  a  symmetrical  stripline  configuration  with  a  very  wide  conductor 
width  (W>>h,  where  W  is  the  conductor  width,  n  its  thickness  and 
h  the  separation  from  the  ground  planes) ,  the  return  currents  in 
the  ground  planes  cancel  at  the  signal  conductor  and  so  we  have  H 
=  I/2W,  or 

B  (Gauss)  =  2  fr  X  10  ^  I  (amperes)  Wide  Stripline  (2) 

W  (meters) 


where  as  always,  we  are  assuming  u  =  uo  ( non-magnet ic  dielectric) . 
for  this  symmetrical  stripline  case,  with  W  =  2um  and  I  =  20mA,  we 
get  B  =  62.832  Gauss. 

For  the  case  of  micostrip,  where  there  is  only  one  ground  plane, 
the  return  current  in  the  ground  plane  generates  a  magnetic  field 
which  adds  to  that  of  the  signal  line  in  the  space  between  the  two, 
so  that  we  have  H  =  I/W  (again,  for  very  wide  lines) ,  and  hence, 

^  --3 

B  (Gauss)  =  4 ) I X  10  I  (amperes)  Wide  Microstrip  Eg.  3. 

W  (meters) 

Here,  for  the  same  I  =  20mA,  W  =  2um  case,  we  have  B  =  125.664 
Gauss,  which  potentially  gets  us  into  the  problem  region  where 
magnetic  flux  could  drive  into  even  pretty  good  HTSC  materials. 

We  note  that  these  simple  case  estimates  vary  by  a  factor  of  Tf  for 
these  different  configurations.  The  factor  of  f|72  between  the 
circular  conductor  and  the  flat,  wide  symmetrical  stripline  is 
simply  due  to  the  fact  that  a  circular  conductor  has  a  factor  of 
fT/2  larger  periphery  than  a  flat  conductor,  and  the  additional 
factor  of  2  due  to  the  fact  that  in  wide  microstrip  the  current 
flows  only  on  one  side  of  the  conductor.  In  the  real  HTSC  MCM 
application,  the  signal  interconnect  transmission  lines  will  not  be 
wide  striplines  or  wide  microstrip  (the  impedance  would  be  too 
low)  ,  but  rather  reasonably  narrow  line  raicrostrip  or  stripline¬ 
like  configuration.  We  need  to  have  an  idea  of  the  magnetic  field 
strengths  in  such  practical  HTSC  configurations,  with  linewidths  of 
the  order  of  1.5um  to  2um  and  geometries  (eg.  dielectric 
thicknesses)  such  as  to  give  line  impedances  near  50-^  with 
reasonable  dielectric  constants  (  (C  =3.9  taken  in  these 
calculations)  .  The  effect  of  the  narrow  linewidths  is  to  make 
fringing  very  important,  so  that  a  full  2-d  Laplace  equation 
analysis  is  required.  Note  that  if  we  assume  rectangular  cross- 
section  conductors,  there  is  a  singularity  at  each  corner,  at  which 
the  B-field  becomes  infinite  (assuming  perfect  conductor 
conductivity) ,  so  that  at  these  sharp  corners  the  HTSC  material 
will  tend  to  go  normal,  in  effect  "rounding"  the  corners.  Hence, 
field  simulations  were  done  with  both  "sharp-cornered"  and  rounded 
corner  conductors  for  comparison. 

Figure  1  shows  half  of  the  3  geometries  analyzed  (the  other  4  are 
identical  except  that  the  thickness  of  the  signal  line  is  reduced 
to  t  =  0 . lum  instead  of  t  =  0.75um  in  Figure  1) .  All  conductors 
have  W  =  l.5um,  spaced  from  the  ground  plane(s)  W,  h  =  1.25um  for 
the  microstrip  (right  hand  side  of  Fig.  1)  cases  and  hi  =  h2  = 
2 . Oum  for  the  symmetrical  stripline  cases  at  the  left.  The  corner 
radii  arbitrarily  chosen  for  the  t  =  0.75um  conductors  was  0.325um 
(which  corresponds  to  an  8.06%  reduction  in  area  compared  to  the 


1.5um  X  O.VSum  rectangular  "square-cornered"  conductor).  For 
the  thin  (t  =  O.lOum)  rounded  conductors,  a  radius  of  O.OSum  was 
assumed.  The  filename  identifiers  in  Fig.  1  are  those  used  in  the 
other  figures  in  this  report  for  reference. 

Fig.  2  shows  magnetic  flux  lines  for  the  rounded  microstrip  case 
shown  at  the  lower  right  in  Fig.  1.  The  surface  magnetic  field 
strength  is  indicated  by  how  near  the  closest  flux  line  spaces  to 
the  conductor  surface.  In  a  wide  microstrip,  the  flux  lines  would 
be  equally  spaced  between  the  ground  plane  and  conductor.  But  here 
they  are  closer  at  the  conductor,  particularly  near  the  "corners". 
This  is  particularly  noticeable  for  the  square-cornered  microstrip 
case  of  Fig.  3  where  the  first  flux  line  comes  very  near  the 
corner.  For  the  very  thin  (t  =  O.lum)  case  of  Fig.  4,  the  field 
concentration  is  greatest  near  the  conductor  edge.  Note  that  only 
half  of  the  conductors  are  shown  in  Fig's.  2-4,  since  the  fields 
are  equal  on  the  other  half  by  symmetry. 


These  flux  line  plots  can  themselves  be  useu  to  get  a  reasonable 
quantitarive  measure  of  the  magnetic  field  strength  at  the  surface 
(which)  is  proportional  to  the  surface  current  density  on  the 
conductor)  ,  V.hile  the  Quad  Design  Systems  tools  have  this 
information  available  directly  (and  are  used  to  calculate  conductor 
skin  effect  losses,  for  example),  the  results  shown  in  Fig's.  5-9 
were  in  fact  obtained  through  graphical  analysis  of  the  flux  plots 
and  hence  are  not  nearly  as  accurate,  but  are  q^uite  adequate  for 
our  purposes  here. 

Figure  5  shows  the  effect  of  the  square  corners  in  a  symmetrical 
stripline  configuration  (left  side  of  Fig.  1)  by  comparing  the 
rectangular  conductor  to  the  rounded  case.  Plotted  is  the  magnetic 
density  or  B— field,  in  Gauss,  as  a  function  of  position  from 
the  top  center  of  the  conductor  to  the  right  edge,  generated  by  a 
2.0mA  current  through  the  1.5um.  x  0.7 Sum  conductor.  The  field, 
about  50  Gauss  at  the  edge,  builds  to  about  80  Gauss  at  the  corner 
f the  rounded  conductor ,  or  nearly  twice  this  for  sharp  corners 
(actually  infinite,  of  course,  but  the  graphical  method  used 
averages  somewhat,  simulating  a  small  degree  of  rounding) . 

Fig.  6  compares  the  rounded  and  square-cornered  cases  for 
microstrip  lines,  again  with  the  I  =  20ma  current  level  and  1.5um 
X  0 . 7um  line  sizes.  At  the  left  is  the  field  on  the  ground  plane 
side  center  of  the  conductor,  moving  around  the  conductor  to  the 
opposite  side  (it  is  further  around  the  square-cornered  conductor 
than  the  rounded  case  so  the  two  curves  do  not  stop  at  the  same 
point.  The  normalization  of  all  the  curves  was  verified  by 
checking  that  the  integral  of  B/uo  equals  the  conductor  current  (so 
the  areas  of  these  curves  are  equal)  .  Note  that  for  a  wide 
microstrip,  the  field  would  be  essentially  zero  to  the  right  of 
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I'igure  2.  Magnetic  fiux  lines  for  microstrip  with  thick  rounded-corner  conductor. 
Result  obtained  by  Quad  Design  Technology's  XFX,  Crosstalk  Field  Extractor. 
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■Figure  5.  Comparison  of  B-field  at  the  surface  of  rounded  and  square-cornered 
HTSC  conductors  in  a  symmetrical  stripline  configuration  (I  =  20mA  f loving  in 
0-75um  X  l.Sum  conductor).  __ 
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center  (backside  of  conductor) ,  but  for  reasonably  narrow  lines  as 
shown  here,  the  B-field  at  the  back  center  is  about  37%  of  that  at 
the  center  of  the  ground  plane  side.  This  means  that  overcoating 
the  HTSC  lines  with  a  thick  lossy  normal  metal  could  cause  very 
serious  line  losses. 

While  Eg.  3  predicts  for  wide  microstrip  a  2x  higher  B-field  than 
wide  stripline  (Eg.  2)  in  fact  the  difference  is  not  nearly  that 
large.  This  is  quite  clear  in  Fig.  7  which  compares  the  rounded 
conductor  microstrip  and  symmetrical  stripline  cases  for  1 . Sum  x 
0.7 Sum  conductors.  At  the  groundside  center  of  the  microstrip,  the 
B-field  (7S  Gauss)  is  S0%  higher  than  for  symmetrical  stripline  (SO 
Gauss)  .  The  peak  "corner"  field,  100  Gauss  for  the  microstrip  is 
only  about  30%  higher  than  that  for  the  stripline,  and  the  edge 
field  is  identical  ( ^70  Gauss) . 

When  rhe  conductors  get  very  thin,  however,  this  edge  field  gets 
very  large,  as  illustrated  for  the  stripline  case  in  Fig.  8.  Here, 
for  the  roundest  t  =  O.lum  conductor  thickness  case,  the  edge  B- 
field  (right  side  of  the  curve)  hits  nearly  200  Gauss,  compared 
with  a  peak  corner  field  of  under  80  Gauss  for  the  t  =  0.75um 
rounded  conductor  case.  In  fact,  for  such  a  thin  conductor,  there 
is  very  little  difference  in  peak  field  strength  for  the  microstrip 
and  symmetrical  stripline  cases  shown  in  Fig.  9  (both  nearly  200 
Gauss  for  this  I  =  20mA,  W  =  l.Sum,  t  =  O.lum  condition)  .  If  it  is 
indeed  the  case  that  B-fields  above  100  Gauss  or  so  may  cause  flux- 
penetration  losses  even  in  fairly  good  quality  HTSC  films,  then  the 
use  of  very  thin  (O.lum  =  1000  A)  films  for  HTSC  conductors  may  be 
precluded. 


Conclusion  from  B-Field  Analysis 

In  addition  to  the  observations  made  above,  a  few  general 
conclusions  may  be  drawn. 

1.  The  concern  that  the  surface  B-fields  in  small  HTSC  MCM  signal 
lines  (eg.  l.Sum  to  2um  or  so)  would  be  so  high  as  to  render  them 
quite  lossy  at  high  frequencies  does  not  appear  to  be  justified  as 
long  as  reasonable  conductor  geometries  are  used. 

2.  The  corner  singularity  of  B-field  at  sharp  conductor  corners 
may  render  a  small  volume  of  HTSC  material  normal  under  high 
current  conditions,  leading  to  nonlinear,  frequency  dependent 
losses,  harmonic  generation,  etc.  (things  which  could  be  quite 
serious  in  linear  analog  applications,  but  are  not  very  significant 
in  digital  systems)  .  However,  as  long  as  the  HTSC  conductor  layers 
are  quite  thick,  as  the  extreme  corners  go  normal,  the  conductor 
edges  are  effectively  rounded  which  sharply  drops  the  peak  fields 
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Figure  8.  Comparison  of  magnetic  field  strength  for  thick  (t  =  0.75um,  W  =  1.5um 
rounded  corner  HTSC  conductors  in  the  same  symmetrical  stripline  configuration 
Note  high  edge  fields  for  thin  case. 


1  t 


so  that  only  very  small  volumes  of  material  are  affected,  and  the 
attendant  losses  should  be  very  small.  (Keep  in  mind  that  5%  to 

leading  edge  height  are  generally  acceptable  in 
digital  systems  without  serious  degradation  of  noise  margin  or 
performance)  .  un 

3.  If  the  HTSC  conductor  layers  are  too  thin  (eg.  O.lum),  the  high 
concentration  of  B-field  at  the  edges  (even  if  they  are  radiused) 
could  lead  to  significant  loss  problems  unless  the  threshold  for 
flux  penetration  can  be  pushed  above  200  Gauss.  The  safest  course 

miah^  also 

might  help  with  defect  problems  (a  thick  normal  region  near  the 

efect  could  still  handle  the  current  with  low  resistance).  Of 

course,  it  is  sometimes  difficult  to  maintain  proper  orientation  in 

thick  growths  of  HTSC's,  so  that  could  be  a  relevant  technology 

concern  as  well.  These  issues  will,  of  course,  be  resolved 

experimentally,  using  pulsed  line  loss  measurements  on  fineline 
structures. 

4.  The  peak  B-fields  at  the  ground  planes  (see  Fig.  5  for  example) 
are  about  32  Gauss  ror  the  symmetrical  stripline  and  about  twice 
this  for  microstrip.  Hence,  reasonable  quality  HTSC  materials  are 
^ite''high°''  ground  planes  as  the  current  densities  are  .till 

5.  There  is  not  an  enormous  difference  in  B-field  at  the  conductor 

/v  stripune  and  nicrcstrip  cases  (nowhere 

near  the  2x  predicted  for  wide  lines  in  Eq's.  2  and  3).  with 

proper  design,  eit.her  should  be  workable  in  the  HTSC  MCM 

environment,  as  would  other  line  configurations  (eg.  triplate 

coplanar,  hybrid  copla.nar/microstrip,  etc.),  given  proper  design! 

6.  There  is  still  a  lot  of  B-field  and  current  density  on  the  back 

J^icrostrip  lines  so  that  coating  with  normal  metals. 
If  they  are  very  thick  (eg.  comparable  to  their  skin  depth),  will 
give  a  lot  of  high  frequency  loss. 

In  summary,  this  exercise  has  given  a  lot  of  useful  desian 

guidance,  but  first  and  foremost,  the  applicability  of  HTSC 
interconnects  for  nign  density  MCM's  scill  looks  excellent. 
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Internal  Inductance  and  Loss 


Two  key  advantages  that  HTSC  interconnect  structures  would  have  are 
the  related  properties  of  lower  skin  resistance  and  lower  internal 
inductance.  The  latter  effect  can  be  particularly  important  for 
signal  propagation  when  one  considers  the  thin  metal  used  in  MCM's. 
In  the  last  quarter,  a  model  was  developed  for  both  normal  metal 
microstrip  and  stripline  skin  effect  losses  and  internal 
inductances,  and  the  results  compared  against  measurements  taken 
from  sample  MCM  structures  with  the  results  being  generally  in 
excellent  correspondence  with  measurements  (see  Table  1  and  Table 
2) .  The  models  that  were  used  were: 

L(f)  =  L«t  +  '  K,  '  GCf ) 

K(t)  =  Ro 


where : 

L(f)  =  Total  Inductance  per  unit  length 
R(f)  =  Total  Resistance  per  unit  length 
Lext  =  External  inductance  per  unit  length  (perfect 
conductor) 

Ro  =  DC  Resistance 

Ks  =  Coefficient  of  Skin  resistance 

/  r,  , 

Cai(lCZi')  -  CosCz-t'jJ 

=  T/  J.  )  7  fQj.  microstrio 

5  L  '  (Ss<:t')J 

t'  =  tUcf) 

t  =  Metal  fluckness 
=  Skin  Deprh 

Note  as  G(f)  —>>  1.  CAE  field  extraction  tools  such  as 

Quad  Design's  XFX  can  calculate  the  Ks  /jut  &  Ro  coefficients  and  so 
the  total  resistance  and  inductance  can  be  computed. 
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CONFIGURATION  STRIPLINE 
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MHz 


21 

41 

61 

81 

101 

121 

141 

161 

181 

201 


Capacitance  =  6.604  pF 


Ltotal  Zt(G) 
nH  ohms 


skin  MEASURED 
depth  Inductance 
microns  nH 


%dif  f 
Ltotal  & 
MEASURED 


13.68 
8.83 
7.51 
6.92 
6 . 56 
6.3i 
6.13 
5.99 
5.86 
5.78 
5.70 


45.51 
-6.56 
33.73 

32.37 

31.52 
30.92 
30.47 
30.12 
39.83 
29.59 

29.38 


36.41 
17.77 
12.72 

10.42 
9.05 
8.10 
7.40 
6.86 
6;42 
6.05 
5.74 


14.1 

9.33 

7.81 

7.15 

6.75 

6.46 

6.25 

6.10 

6.01 

5.95 

5.91 


-2.98 
-5.37 
-3.78 
-3.24 
-2.81 
-2.26 
-1.89 
-1.80 
-2.24 
-2.85 
—  3.55 


table  2.  Theoretical  versus  measured 
-Or  stripline  MCM  geometry. 


internal 


inductance 


The  lower  resistance  and  small 
interconne-^ts  will  result  in: 


penetration 


depth  of  HTSC 


L(f)  =  L<2.Xt 

R(£)  =  £  lTf  v(fA/iv) 

where  ^  “  J  ^  is  the  complex  conductivity  of  the 

superconductor,  is  the  penetration  depth  and  W  is  the  cross 

sectional  width.  So  for  (77  <<  (Tz  A  W  j  R^Cf) 

can  be  small.  Therefore,  the  result  will  be  HTSC  lines  having  both 
a  faster  propagation  constant  (due  to  L{f))  and  lower  loss  (due  to 
R(f))  than  their  normal  metal  counterparts. 


Normal  Metal  Covering  Lavers 


Previously  in  the  section  on  magnetic  flux  penetration,  mention  has 
been  made  of  the  effect  of  losses  due  to  covering  layers  of  normal 
metal.  This  metal  could  be  used  for  passivation,  structural 
integrity,  or  to  provide  a  redundant  current  path  at  HTSC  grain 
boundaries.  A  quasi-static  analysis  of  the  surface  impedance  of  a 
normal  layer  of  metal  atop  a  superconducting  strip  has  been 
performed.  The  resulting  expression  depends  on  the  thickness  of 
the  normal  layer  and  the  complex  conductivity  of  both  the  normal 
and  superconducting  layers.  The  expression  is; 


where 

is  the  effective  surface  resistance 
is  the  normal  metal  surface  resistance 
T  is  zhe  thickness  of  the  normal  layer 

(f  is  he  skin  depth  of  the  normal  layer 

Cos  ^  z{r-  ~  Cos  z  C 


O',-  - 


^  =  Normal  metal  conductivity 

(J^  =  Superconductor  complex  conductivity 


Note  that  a^  T/^—^  ^  ,  and  the  normal  metal  skin 

resistance  is  the  effective  resistance  for  thick  layers  (as  one 
would  expect) . 

Also,  nore  that  for  j  (J^  j  j  <J~'j 

o  ^  !x 

rSTi^\  -  (-^CS)  -  Si.,  uns) 

rU/o)-  c^r//)  4-  CosC^r/s) 

which  is  zero  to  first  order  in  T'/(f  .  Therefore,  chin  covering 

films  of  normal  metal  should  result  in  negligible  surface  loss. 


Section  2. 

Commercialization  of  High  Temperature 
Superconducting  Technology 


The  activities  for  this  quarter  centered  around  the  completion  of 
the  first  superconductive  MCM  teams  and  the  initiation  of  the  next 
two  MCM  teams.  Additional  efforts  were  spent  to  study  the 
potential  market  for  superconducting  MCM,  and  per  Dr.  Patten,  some 
efforts  went  into  discussions  with  Epri  on  some  market  study  for 
the  bulk  superconductivity. 


Accomplishments 

The  first  team  led  by  E-System' s  Melpar  Division  has  been  completed 
with  the  addition  of  Data  Max  Corporation.  This  company  consists 
of  engineers  who  designed  the  ETA-10,  a  high  performance  computer 
that  operated  at  77  K.  This  knowledge  and  experience  in  building 
a  low  temperature  computer  system  will  prove  extremely  valuable  for 
the  SC-MCM  technology  development.  Most  likely  Data  Max  will  also 
participate  with  other  MCM  teams  as  they  are  formulated. 

Currently,  there  are  many  companies  involved  in  the  DARPA 
superconductivity  programs.  Nearly  all  of  these  are  universities 
or  major  companies  and  very  few  are  dedicated  merchant  suppliers. 
Our  attempt  in  forming  the  next  two  teams  is  to  find  additional 
merchant  suppliers.  In  that  regard,  we  did  visit  Emcore  and  spoke 
to  ATM.  Our  visim  to  Emcore  proved  to  be  promising.  Peter  Norris 
and  Norm  Shoemaker  seemed  to  be  enthused  about  the  MCM  technology, 
as  was  the  case  with  other  merchant  superconductor  suppliers. 
Emcore  has  little  experience  in  ,MCM  technology.  Recognizing  the 
reality  that  we  all  face,  ■  namely  R  &  D  funds  are  limited,  the 
question  certainly  keeps  coming  up  regarding  the  survivability  of 
these  merchant::  suppliers.  As  a  result,  our  thinking  seems  to  be 
leaning  toward  the  idea  that  maybe  the  merchant  suppliers  such  as 
STI,  Conductus,  and  Emcore  should  be  included  in  all  teams.  They 
should  receive  technology  benefits  from  ail  researchers  and  begin 
supplying  products  as  soon  as  they  are  available.  It  is  critical 
that  this  point  not  be  overlooked. 

We  have  tentatively  looked  at  the  various  research  contrav  ors  that 
might  serve  on  the  next  two  teams.  Initial  efforts  are  now  used  on 
targeting  new  team  leaders  that  would  play  similar  roles  as  E- 
Systems . 


In  addition  to  the  MCM  teams,  an  initial  list  has  been  tentatively 
organized  for  'e  passive  u-wave  devices.  All  of  these  will  be 
discussed  wit  Patten  and  Dr.  Wolf  in  early  April. 


Activities 

Activities  included  many  meetings  with  E-Systems,  and  several 
meetings  with  Data  Max,  STI,  Conductus ,  MIT,  Quad  Design,  Emcore, 
Boos-Allen  and  Cornell.  Special  sessions  were  held  at  n-Chip  to 
look  into  the  status  of  CAD  tools  for  conventional  MCM's  and  how 
they  might  be  modified  and  applied  to  SC-MC.M.  Also,  per  Frank 
Patten's  request,  a  bulk  superconductivity  conference  was  attended 
to  evaluate  the  potentials  of  that  market  segment. 


QUARTERLY  REPOFT 


Section  1.0 


1.1.  Background 

A  key  question  in  the  application  of  high  temperature  superconducting  (HTSC) 
interconnects  to  advanced,  very  high  density  multi-chip  modules  (MCM’s)  is  which 
HTSC  material  to  use.  Probably  the  best  developed  HTSC  material  is  YBCO  ("1-2- 
3"),  but  its  transition  temperature  (T^,  ~  93°K)  is  about  30°K  lower  than  that  of 
"Thallium".  Optimum  performance  of  HTSC  materials  (eg.,  highest  lowest  R^.  etc.) 
are  generally  obtained  at  temperature  below  about  60%  to  80%  of  T^,  though  at  the 
liquid  nitrogen  samration  temperature  (Tj^^  =  77°K  at  1  atmosphere),  YBCO  has 
shown  more  than  adequate  performance  for  MCM  applications.  However,  if  the 
HTSC  operating  temperature  were  substantially  above  77°K,  YBCO  would  not  be 
useable. 

In  a  visit  to  John  Rowell  and  Randy  Simon  at  Conductus  on  March  1 1,  they  relayed  a 
concern  expressed  by  Ted  VanDuzer  that  YBCO  might  not  be  suitable  for  MCM 
interconnects  due  to  the  heat  generated  by  the  integrated  circuit  chips.  More  specifi¬ 
cally,  even  when  chips  are  immersed  in  77°K  liquid  nitrogen,  if  their  operating  power 
density  is  reasonably  high  (as  it  is  expected  to  be)  the  die  temperatures  may  be 
substantially  higher  (eg.  ~  10°K  or  so)  than  the  liquid  nitrogen  temperature.  If  the 
HTSC  interconnects  operate  at  the  die  temperature,  then  the  Hl'SC  operating 
temperature  would  be  too  close  to  the  critical  temperature  of  YBCO  for  that  material 
to  be  useable  in  such  MCM  applications.  If  this  were  in  fact  true,  this  would  be  sad, 
since  the  state  of  development  of  the  YBCO  materials  technology  is  quite  advanced 
and  it  would  be  unfortunate  to  have  to  dismiss  consideration  of  its  use  due  to  thermal 
limitations. 
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1.2.  Thermal  Analysis  Approach 

It  was  felt  that  the  importance  of  the  issue  of  HTSC  material  selection  to  the  HTSC 
MCM  effort  is  so  great  as  to  make  it  imperative  to  examine,  on  a  quantitative  basis, 
this  thermal  issue.  The  first  step  in  the  thermal  analysis  (carried  out  under  separate 
support)  was  to  do  a  preliminary  2-dimensional  analysis  to  roughly  simulate  a  cross- 
sectional  view  of  the  MCM.  Roughly,  in  this  case,  means  a  linear,  constant  tempera¬ 
ture  (or  insulating  boundar-  ondition  2-D  analysis  using  a  square-grid  Gauss-Siedel 
relaxation  method  2-D  solv  ’  for  Poisson  ^  equation  (as  applied  to  heat  flow).  Be¬ 
cause  the  actual  problem  is  a  constant  power  density  (on  the  active  surface  of  the  IC 
chips),  not  a  constant  temperature,  case,  and  the  heat  flow  in  the  nucleate  boiling 
process  at  the  liquid  nitrogen  interfaces  is  a  highly  nonlinear  process,  not  a  linear  one, 
the  results  could  not  be  expected  to  be  quantitatively  precise.  The  results  from  this 
analysis  indicated  however,  that  for  an  ordinary  two  dimensional  MCM  with  chips  on 
one  side  of  the  MCM  substrate  only,  the  3-dimcnsional  nature  of  the  physical  MCM 
has  very  little  influence  on  the  worst-case  HTSC  interconnect  temperature.  In  other 
words,  eNen  though  the  sides  of  the  IC  die  and  the  HTSC  interconnect  layers  in  the 
gaps  between  the  die  subject  to  liquid  nitrogen)  cooling  in  addition  to  the  face  of  the 
die  and  the  bottom  side  of  the  MCM  substrate,  the  HTSC  temperature  under  the 
center  of  the  die  is  not  much  lower  than  what  would  be  obtained  from  a  one-dimen¬ 
sional  analysis  assuming  an  indefinitely  large  die  size.  Hence  the  analysis  undertaken 
here,  for  which  the  thermal  model  shown  in  Fig.l  was  derived,  is  a  worst-case  one¬ 
dimensional,  nonlinear  analysis. 
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1.3  Liquid  Nitrogen  Heat  Transfer  Characteristics  in  an 
MCM  Context 

Extensive  evaluation  of  the  heat  traa^fer  characteristic  of  cr\'ogenic  fluids  such  as 
liquid  nitrogen  has  been  carried  out.  Marty  Nisenhof  of  NRL  was  kind  enough  to 
provide  a  copy  of  the  K  ane,  et.al.  article  (R.J.  Krane ,  J.R.  Parsons  and  A.  Bar-Cohen, 
"Design  of  a  Candidate  Thermal  Control  System  for  a  Cryogenically  Cooled  Com¬ 
puter",  IEEE  Transactions  on  Components,  Hybrids,  and  Mfg.  Tech,  Vol.  11,  No  4, 
Dec.  1988,  pp  545-556)  from  which  the  liquid  nitrogen  pool  boiling  data  used  here  was 
derived.  Fig.  2  shows  a  log-log  plot  of  the  power  density  or  heat  flux  (in  W/cm") 
measured  from  the  surface  of  a  T  copper  sphere  immersed  in  liquid  nitrogen  (ab¬ 
breviated  LN2  here),  versus  the  temperature  of  the  copper  surface  relative  to  tue 
liquid  nitrogen  temperature,  AT  =  T  -  ,  where  T^^t  is  nominally  77°K.  There  are 

two  principal  operating  regions  shown  on  this  cur\'e:  the  high  heat  flux,  low  AT  region 
on  the  left,  called  the  nucleate  boiling  region  (AT  below  10°K  to  20°K),  and  the  (very 
undesirable)  high  AT,  low  P/A  region  above  AT  =  30°K  (film  boiling  region),  con¬ 
nected  by  a  negative  resist 2;,ce  "transition  boiling  region  (~20=K  to  30°K).  It  should 
be  noted  that  details  of  this  curse  are  probably  dependent  on  geometry,  surface 
material  and  finish,  etc.  of  the  heater,  but  the  general  features  should  apply.  It  should 
also  be  noted  that  these  are  steady-state  curves,  measured  when  nucleate  boiling  is 
fully  developed.  As  noted  in  the  Krane  article  (and  first  pointed  out  to  by  Lou 
Colonna-Romano  of  DEC  in  a  helpful  discussion),  when  the  heater  power  is  first 
applied,  the  heat  transfer  mechanism  takes  a  finite  amount  of  time  or  "over  tempera¬ 
ture"  to  go  into  fully  developed  nucleate  boiling.  During  this  interv'al  the  heat  transfer 
will  essentially  be  convective,  which,  in  a  free-convection  (as  opposed  to  a  forced 
convection,  pumped  fluid)  case  has  relatively  poor  thermal  resistance.  For  example, 
for  a  vertical  wall  at  temperature,  T^,  in  still  LN2  at  a  temperature,  Tiiq^jj,  Krane 
estimates  the  convective  heat  transfer  as 

P/A  =  0.0161  (Tw  -  Tiiquid)^-^^^  Eq.  1 
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'y 

where  P/A  is  in  W/cm  ,  and  the  temperatures  are,  as  usual,  in  °K,  Note,  for  example, 
that  for  no  liquid  subcooling  =  77°K  nominal),  at  AT  =  10°K  the 

convective  heat  transfer  (prior  to  nucleate  boiling)  would  only  be  P/A  =  0.35  W/cm^, 
in  comparison  to  P/A  =11  W/cm  in  fully  developed  nucleate  boiling  (Fig.  2).  By 
subcooling  the  LN2  (subcooling  to  63°K  is  possible  before  freezing  begins),  the  con¬ 
vective  contribution  would  be  greatly  increased  at  any  given  temperature.  This  could 
also  be  achieved  with  using  forced  convection,  by  pumping  the  hquid  at  a  substantial 
velocity.  (One  theory  is  that  nucleate  boiling  gives  its  very'  high  heat  transfer  due  to 
the  very  high  liquid  agitation  and  corresponding  local  liquid  velocities  in  the  surface 
region,  which  means  that  similar  fluxes  should  be  attainable  with  forced  convection  if 
the  boundary  layer  is  thin  enough). 

The  reason  for  bringing  this  issue  of  forced  convection,  or  other  than  simple  pool 
boiling  up  in  this  HTSC  MCM  context  is  that  the  bare-chip  power  densities  that  would 
be  involved  in  MCM  cooling  are  much  higher  than  those  involved  in  the  ETA  10 
cryogenically  cooled  supercomputer.  While  the  packaged  devices  ( 1"  square)  in  the 
ETA  10  operated  at  something  of  the  order  of  0.25  to  perhaps  0.5  W/cm^,  higher  speed 
bare  die  in  an  MCM  n.ight  be  running  at  up  to  5  to  10  W/cm^  in  CMOS,  or  higher  in 
higher  performance  technologies.  While  in  the  ETA  10,  operation  was  in  the  "uncon¬ 
ditionally  stable"  region  of  Fig.  2  where  AT  is  a  single-valued  function  of  P/A,  at  higher 
power  densities  we  wll  be  in  the  multi-valued  region.  Here  it  is  conceivable  that  upon 
power-up,  thermal  overshoot  could  give  a  transition  directly  into  the  catastrophic  film 
boiling  region  under  imfavorable  conditions.  It  seems  likely  that  straightforward 
measures  such  as  submersed  jet  forced  convection,  used  in  combination  with  nucleate 
boiling,  can  easily  cope  with  such  potential  problems,  but  the  issue  should  be  ex¬ 
amined,  particularly  if  fairly  high  power  density  (eg.  >  5  W/cm^)  chips  are  to  be 
considered  for  use. 
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1.4.  HTSC  MCM  One  Dimensional  Analysis/Thermal  Model 

The  HTSC  MCM  configuration  analyzed  was  shown  with  the  worst-case  one  dimen¬ 
sional  thermal  model  in  Fig.  1.  The  structure  is  assumed  fabricated  on  a  1mm  thick 
substrate  of  either  CaF2  (K  =  38.9  W/m°K  at  77°K)  or  MgO  (77°  thermal  conductivity, 
k,  estimated  at  200  W/m°K).  (I  don’t  have  the  k  for  LaA103,  our  purposes, 

either  sapphire  or  silicon  have  essentially  infinite  77°K  thermal  conductivities,  if  they 
were  to  be  used).  The  HTSC  layers  (relatively  thin,  so  with  presumably  negligible 
thermal  resistance)  are  on  top  of  the  substrate  and  the  IC  chip  is  mounted  directly  to 
it  using  a  thickness  of  epoxy  die  attach  material.  The  active  (power-generating) 
surf'^ce  of  the  25-mil  thick  IC  chip  to  be  at  the  top,  but  this  is  essentially  irrelevant 
since  the  thermal  conductivity  of  silicon  at  77°K  (1400  W/m°K)  is  so  high.  In  terms  of 
the  electrical-analogue  model  at  the  right  of  Fig.  1,  the  chip  power,  P/A,  is  represented 
as  a  current  source  into  the  upper  (T^.},|p)  node. 

The  critical  factor  in  the  physical  MCM  structure  is  the  thickness  and  thermal  conduc- 
tivit)'  of  the  organic  die  attach  layer.  In  most  norn.  il  IC’s,  silver-loaded  ( or  sometimes 
diamond-loaded)  epoxy  die  attach  materials  are  used  for  enhanced  thermal  conduc- 
tmt>'  over  unloaded  materials.  For  example,  at  room  temperature,  silver-epoxy  has  k 
=  5.8  W/m°K  (or  8.7  W/m°K  for  diamond-loaded  epoxy),  while  unloaded  epoxy  has  k 
=  0.4  W/m°K  typical,  and  polyamide  has  k  =  0.2  W/m°K.  The  epoxy  thicknesses 
yyiically  used  are  of  the  order  of  3  mils  (0.0762  mm)  for  modest  sized  VLSI  die,  or  6 
mils  (0.1524  mm)  for  larger  die  sizes  ( the  greater  thicknesses  accommodating  greater 
thermal  expansion  mismatch  strains  with  minimal  stress).  For  our  HTSC  MCM  case, 
we  do  not  plan  to  take  heat  out  through  the  substrate,  but  rather  directly  from  the  die 
to  the  LN2,  so  we  have  no  reason  to  reduce  the  thermal  resistance, 

Rth  =  AT/(P/A)  =  Z/T  Eq.2 

(where  z  is  the  thickness  and  k  the  thermal  conductivity)  of  the  die  attach  layer.  On 
the  contrary,  we  prefer  to  have  this  layer  be  as  insulating  as  possible,  since  (referring 
to  the  electrical  equivalent  of  the  thermal  model  at  the  right  of  Fig.  1)  the  temperature 
at  the  HTSC  layer,  T^tso  be  reduced  as  REpoxy  is  increased.  Hence  we  want  to 
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use  unloaded  epoxy  (perhaps  enhanced  with  thick  polyamide  coatings  on  the  PiTSC 
and/or  die  backside  surfaces)  die  attach  material  in  as  thick  a  layer  as  practical.  For 
the  purposes  of  the  analysis,  a  77°K  thermal  conductivity  of  0.4  W/m°K  was  assumed 
^  with  die  attach  layer  thicknesses  of  1  mil,  3  mils,  6  mils,  12  mils  and  24  mils  analyzed. 

(Obviously,  from  Eq.  2,  6  mils  of  k  =  0.2  polyamide  would  be  equivalent  to  12  mils  of 
k  =  0.4  epoxy,  etc.). 

As  indicated  by  Eq.  2,  the  solid  materials  comprising  the  MCM  are  assumed  to  have 
linear  heat  flow  characteristics,  such  as  illustrated  in  Eq.  2.  In  the  preliminary  2-D 
heat  flow  analysis  described  earlier,  a  fixed  was  also  assigned  to  the  solid  wall  to 
liquid  nitrogen  conductances  at  the  top  and  bottom  of  Fig.  1.  For  example,  if  we 
assume  P/A  =  10  W/cm^  and  refer  to  Fig.  2  we  find  AT  =  T  -  =  9.68°K  or  an 

•  effective  Rfh  =  0.968°KAV/cm^).  If  we  take  as  an  example  a  1mm  MgO  substrate 
(Rsub  =  0.05),  with  a  6  mil  epox>'  die  attach  thickness  (Repoxy  =  3.81  from  Eq.  2)  and 
Rsub  =  0.00454  for  the  25  mil  thick  silicon  die,  using  the  effective  R^j,  =  0.968  values 
for  the  upper  and  lower  LN2  interfaces  (shown  as  diodes  in  Fis.  1),  we  get  an  IC  die 

*  surface  temperature  rise  of  AT,bip  =  8.065°K  (above  =  77°K)  and  an  HTSC  layer 
temperature  rise  of  only  AThtsc  =  fact,  however,  as  the  nonlinear  analysis 

will  show,  the  actual  HTSC  temperature  rise  for  this  case  is  more  than  nvice  this  high 
(AThtsc  =  3.9°K,  as  will  be  shown  in  Fig.  ll)  This  is  because  the  heat  flow  at  the  LN, 

I  interface  is  highly  nonlinear.  Under  the  conditions  of  this  example  the  effective  Rfj,  at 

the  interface  at  the  bottom  of  the  substrate  is  not  0.968%'(W/cm-),  but  rather  is  closer 
to  2.8°K/(W/cm2)  due  to  the  lower  thermal  flux  at  this  surface  (the  results  of  the 
relatively  high  thermal  resistance  of  the  epoxy).  Hence,  a  nonlinear  analysis  is  neces- 
I  saiy  to  obtain  reasonable  accuracies  for  AThtsc- 

In  the  calculations,  a  statistical  fit  was  made  to  the  left  (nucleate  boiling)  portion  of  the 

liquid  nitrogen  pool  boiling  curve  of  Fig.  2.  ForrK<  AT<  10°K.  a  good  fit  was  found 

I  to  be 


(P/A)  =  0.0749  aT^'^ 


Eq.  3 


I 
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where  as  usual,  P/A  is  in  W/cm2  and  AT  =  is  in  °K.  For  the  computer  analysis, 

if  the  nucleate  boiling  P/A  exceeds  that  due  to  convection  (Eq.  1),  then  Eq.  3  is  used 
for  the  nonlinear  LN2  interface  conductances  in  the  model  of  Fig.  1.  Since  for  the 
cases  treated,  no  liquid  subcooling  was  assumed  =  77°K  nominal),  this 

was  always  the  case  in  the  range  of  P/A’s  treated. 


1.5.  Results  of  1-D  Thermal  Model  Calculations  for  HTSC  MCM 

A  computer  program  was  written  to  solve  the  nonlinear  heat  flow  model  shown  in  Fig. 
1.  I  -  me  electrical  analog  model  show  at  the  right  in  Fig.  1,  the  chip  power  is 
represented  by  a  current  incident  in  the  top  node  (T.^p),  and  the  voltages  at  each 
node  represent  the  temperature  rise  above  saturation  at  that  point.  The  program  was, 
for  convenience,  written  in  QuickBasic  for  the  Macintosh  IIFX,  with  output  in 
EXCEL  for  format  as  a  simple  way  to  obtain  graphics  output.  Figs.  3-8  apply  to  the 
1mm  thick  CaF,  substrate  case,  and  Figs.  9-12  apply  for  a  1mm  thick  MgO  substrate 
(and  are  reasonably  accurately  representative  of  any  higher  thermal  conductivity 
substrate  material  such  as  sapphire  or  silicon).  As  was  mentioned  previously,  the 
critical  factor  in  the  calculations  is  the  thickness  and  thermal  conductivity  of  the  epoxy 
die  attach  layer.  Fig.  3,  for  example,  shows  the  case  for  a  3-mil  layer,  assuming 
■-=  0.4  ^\7m°K.  The  left  hand  column  represents  the  total  chip  power  dissipation, ^the 
extreme  right  column  the  portion  of  that  power  going  directly  into  the  nit.rogen  at  the 
top  (Silicon  -  LN2)  interface,  and  the  third  column  from  the  left,  T^hip.  is  the  tempera¬ 
ture  of  that  interface.  The  second  column  from  the  right  shows  the  portion  of  the  chip 
power  going  do^vn  through  the  epoxy,  HTSC  layers  and  the  substrate  into  the  LN2  at 
the  bottom  surface,  and  the  third  column  from  the  right  shows  the  temperature, 
^substrate’  of  that  bottom  interface.  The  goal  of  the  whole  calculation,  of  course,  is  to 
determine  the  temperature  of  the  HTSC  interconnects,  which  is  just  Ts^bstrate  plus  the 
fairly  small  temperature  drop  across  the  substrate,  ATj^f,  =  (P/A)sub  +  Rgub-  For 
convemence,  the  thermal  resistances  of  the  substrate,  epoxy  and  silicon  chip  regions  ar 
shown  just  above  the  column  printouts,  along  with  their  sum,  We  note  from  Fig. 

1,  for  example,  that  at  a  10  W/cm^  chip  power,  80.5%  of  the  power  goes  directly  into 
the  LN2  at  the  upper  surface,  and  19.5%  goes  down  through  the  sub^  :rate.  Because  of 
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the  nonlinear  nature  (Eq.  3  or  Fig.  2)  of  the  nucleate  boiling  thermal  transfer,  the 
difference  between  the  upper  and  lower  LN2  interface  temperatures  (upper  and  lower 
curves  in  Fig.  4)  is  less  than  a  factor  of  2  in  spite  of  the  fact  that  power  densities  are 
over  a  factor  of  4  different.  This  is  unfortunate,  since  it  raises  the  HTSC  temperature 
(solid  line  in  Fig.  4)  higher  than  one  might  hope  based  on  the  thermal  resistances. 

By  further  increasing  the  thickness  of  the  epoxy  layer  to,  for  example,  24  mils  (more 
practically  achieved  with  a  12  mil  thick  polyamide  [k  =  0.2  W/m"K]  layer,  or  perhaps 
by  using  a  thinner  epoxy  preform  with  holes  in  it),  the  power  split  at  P/A  =  10  W/cm^, 
as  shown  in  Fig.  5,  can  be  shifted  further,  with  95.4%  going  out  the  top  surface  and  only 
4.6%  going  out  through  the  substrate  side.  As  shown  in  Fig.  6.  this  has  the  desired 
effect  of  significantly  reducing  the  temperature  of  the  substrate  and  HTSC  layers,  to 
about  25%  of  the  die  temperature,  but  this  is  still  higher  than  one  could  hope.  Note 
that  the  temperature  drop  across  the  substrate  itself  is  only  0.1185°K  for  this  case  (or 
0.5°  for  the  3  mil  epoxy  case  of  Fig.  3),  so  changing  to  a  much  higher  thermal 
conductivity  substrate  will  not  change  the  HTSC  temperature  b>  very  much  as  long  as 
the  substrate  cooling  is  simple  pool  boiling  (as  opposed  to  forced  convection). 

Fig.  7  summarizes  the  chip  and  HTSC  temperature  for  the  1mm  CaF2  substrate 
example  with  epoxy  thicknesses  of  1,  3,  6, 12  and  24  mils.  This  data  is  graphed  in  Fig. 
8.0.  Obviously,  from  Fig.  1,  if  the  epoxy  is  made  thin  enough,  T^tsc  '''•'^1^  nearly  equal 
Tchip-  is  demonstrated  in  the  curves  shown  in  Fig.  8. 

This  set  of  calculations  was  also  carried  out  for  higher  thermal  conductivity,  MgO 
substrate  case  (k  estimated  at  200  'W/m°K  at  77°K),  with  results  showm  in  Figs.  9-12. 
Fig.  10  shows,  for  example,  that  even  for  the  3  mil  epoxy  case,  the  temperature  drop 
across  the  substrate  at  P/A  =  10  W/cm^  is  only  0.1°K,  but  that  the  temperature  of 
interest  at  the  HTSC  layer  is  only  0.276°K  low'er  than  for  the  CaF2  substrate  case  (Figs. 
3  and  4).  Fig.  11  summarizes  the  MgO  substrate  results  for  the  same  set  of  epoxy 
thicknesses  as  shown  for  CaF2  in  Fig.  7,  and  the  ‘  iture  rises  are  plotted  in  Fig. 
12.  While  the  HTSC  temperatures  for  MgO  in  ig.  P  .re  somewhat  lower  than  for 
CaF2,  the  differences  are  rather  small,  except  for  caics  with  verv'  thin  epoxy  layers. 
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1.6.  Conclusions 

If  we  take,  as  atypical  configuration,  an  MgO  substrate  and  6  mil  epoxy  (without  silver 
or  diamond  filling,  of  course)  die  attach  case,  with  simple  pool  boiling  (the  MCM 
sitting  vertically  in  a  pool  of  liquid  nitrogen),  the  worst  case  (die  center)  temperature 
rise  of  the  HTSC  layer  above  the  =  77°K  liquid  nitrogen  saturation  temperature 
will  vary  (Fig.  12)  from  about  2.33°K  at  a  P/A  =  2  W/cm^  chip  power  density  to  3.15°K 
at  5  W/cm  ,  or  up  to  4°K  at  11  W/cm^  if  one  dared  to  operate  so  close  to  the  maximum 
power  density  for  nucleate  boiling  (about  13.9  W/cm^).  A  4°K  temperature  rise  should 
be  expected  to  quite  significantly  degrade  the  performance  of  YBCO  HTSC  intercon¬ 
nects,  though  possibly  not  catastrophically. 

However,  it  is  probably  not  necessary  to  accept  81°K  operation  of  the  HTSC  layers 
rather  than  77°K.  By  employing  forced  convections  cooling  of  the  MCM,  at  least  on 
the  substrate  side,  it  may  well  be  possible  to  reduce  greatly  the  substrate  (and  hence 
HTSC  layer)  temperature  rise.  In  fact,  with  careful  epoxy  die  attach  layer  design  (ie, 
incorporation  of  polyamide  or  "holes"  in  somewhat  thicket  die  attach  structu'^res,  it 
might  be  possible  to  reduce  the  substrate-side  power  load  to  only  5%  to  10%  of  the 
chip  power.  Hence  the  liquid  nitrogen  supply  to  the  substrate  side  could  be  subcooled 
with  not  very  much  additional  cooling  energy  cost,  and  operation  of  the  HTSC  layers 
at  well  un^  77°K  obtained.  Some  of  these  possibilities  need  further  consideration, 

but  the  prognosis  for  the  use  of  YBCO  for  HTSC  MCMs  looks  generally  good  at  this 
point. 
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Liquid  Nitrogen  Pool  Boiling  Data  (from  Krane,  et.  al.) 


Tomporature  Rise  Above  Saturation,  AT=T-Tj5^},  (“K)  =77'’K  Nominal] 

Figure  2 


CaF2wEpx  3 


Calculation  of  HTSC  Temperature  vs.  P/A  in  MCM  with  LN2  Nucleate  Boiling  R.  C.  Eden  June  1991 
1-D  Calculation  of  HTSC  AT  In  Nucleate  Boiling  LN2  Cooled  MCM  [AT=T-Tsat  where  Tsat=77°K  nom]. 
Convective-Nucleate  Xover  @  ATX=  .154292482  “K  @  P/A=  0.0013323517  W/cm''2,  without  N2  subcooling. 

Thermal  Conductivity  of  Epoxy  Die  Attach  (e.g.  0.4W/m  “K),  KEPX=  .40000 
Thickness  of  Epoxy  Die  Attach  in  mils,  Zepoxy=  3  (or  7.620016E-02  mm) 

Si  Chip  Thickness,  Zchip=  .635  mm,  Zsubstrate=  1  mm,  Zepoxy=  .003  inches 

MCM  Substrate  Material  is  CaF2  with  Thermal  Conductivity  of  Ksub=  38.9000  W/m“K 
For  1  cm^2  area,  the  Thermal  Resistances  (in  “K/W-cm^2)  are: 

RSI=  4.535714E-03  REPXY=  1.905004  RSUB=  .2570694  RTOT=  2.166609 


P/A[W/cm''2]= 

T(HTSC)“K= 

T(chip)“K= 

T(Substrt)  = 

P/A(Substrt)P/A(Chip-N2) 

0.1 

0.7912229 

0.8749327 

0.7799536 

0.0438377 

0.05616229 

0.15 

0.9450225 

1.066956 

0.9286073 

0.0638548 

0.08614521 

0.2 

1.070615 

1.229286 

1.049255 

0.08309344 

0.1169066 

0.25 

1.178482 

1.372679 

1.152338 

0.1016983 

0.1483016 

0.3 

1.273928 

1.502625 

1.24314 

0.1197657 

0.1802343 

0.4 

1.438933 

1.734051 

1.399203 

0.1545491 

0.2454509 

0.5 

1.579964 

1.933635 

1.531678 

0.1878315 

0.3121685 

0.6 

1.704258 

2.1241' 

1.647737 

0.2198659 

0.3801342 

0.7 

1.816061 

2.295034 

1.75158 

0.2508318 

0.4491682 

0.8 

1.918109 

2.45443 

1.845908 

0.2808641 

0.519136 

0.9 

2.012282 

2.604369 

1 .932573 

0.3100678 

0.5899321 

1 

2.099938 

2.746369 

2.012913 

0.3385275 

0.6614724 

1.5 

2.469115 

3.369936 

2.347843 

0.4717478 

1.028252 

2 

2.763966 

3.897056 

2.611425 

0.5933837 

1.406616 

2.5 

3.013048 

4.362027 

2.831444 

0.7064419 

1.793558 

3 

3.230595 

4.782575 

3.021662 

0.8127508 

2.187249 

4 

3.601122 

5.529144 

3.341565 

1.009679 

2.990321 

5 

3.912951 

6.186266 

3.606909 

1.190504 

3.809496 

6 

4.184581 

6.779549 

3.835237 

1.358949 

4.64105 

7 

4.426673 

7.324297 

4.036583 

1.517447 

5.482553 

8 

4.645996 

7.830534 

4.217282 

1.667699 

6.332301 

9 

4.847146 

8.305243 

4.381604 

1.810958 

7.189042 

10 

5.033401 

8.753528 

4.532584 

1.948179 

8.051821 

11 

5.207189 

9.179247 

4.672456 

2.080113 

8.919888 

Figure  3 


CaF2wEpx  24 


Calculation  of  HTSC  Temperature  vs.  P/A  in  MCM  vy^ith  LN2  Nucleate  Boiling  R.  C.  Eden  June  1991 
1-D  Calculation  of  HTSC  AT  in  Nucleate  Boiling  LN2  Cooled  MCM  [AT=T-Tsat  v^^here  Tsat=77°K  nom]. 
Convective-Nucleate  Xover  @  ATX=  .1542924  “K  @  P/A=  0.0013323517  W/cm''2,  vy^ithout  N2  subcoolii 

Thermal  Conductivity  of  Epoxy  Die  Attach  (e.g.  0.4W/m  °K),  KEPX=  .4000  W/m°K 
Thickness  of  Epoxy  Die  Attach  in  mils,  Zepoxy=  24  (or  .6096013  mm) 

Si  Chip  Thickness,  Zchip=  .635  mm,  Zsubstrate=  1  mm,  Zepoxy=  .024  inches 


MCM  Substrate 

Material  is  CaF2  v/ith  Thermal  Conductivity 

'  of  Ksub= 

38.900  W/m°l 

For  1  cm^2  area,  the  Thermal  Resistances  (in 
RSI=  4.5357 14E-03  REPXY=  15.24003  RSUB= 

“KA^/-cm^2) 

:  .2570694 

are; 

RTOT=  15.50164 

P/A[W/cm^2]=  T(HTSC)‘>K= 

T(chip)‘“K=  T(Substrt)=  P/A(Substrt)  P/A(Chip-N2) 

0.1 

0.6116453 

0.9982979 

0.6051252 

0.0253633 

0.0746367 

0.15 

0.7034557 

1.224105 

0.694676 

0.03415309 

0.1158469 

0.2 

0.7747685 

1.413915 

0.7639906 

0.04192617 

0.1580738 

0.25 

0.8337963 

1.580619 

0.8212026 

0.04898943 

0.2010106 

0.3 

0.8845318 

1 .730874 

0.8702599 

0.0555176 

0.2444824 

0.4 

0.9693643 

1.996543 

0.9520429 

0.06738 

0.33262 

0.5 

1 .03937 

2.229415 

1.019302 

0.07806357 

0.4219364 

0.6 

1.099418 

2.4390M 

1 .076829 

0.08787302 

0.512127 

0.7 

1.152263 

2.630972 

1.127328 

0.09699906 

0.603001 

0.8 

1.199626 

2.809009 

1.172487 

0.1055709 

0.6944291 

0.9 

1.24266 

2.975678 

1.213436 

0.113681 

0.78631 9 

1 

1.282179 

3.132846 

1.250972 

0.1213984 

0.8786016 

1.5 

1 .443708 

3.816107 

1.403702 

0.1556226 

1.344377 

2 

1.567967 

4.386279 

1.520441 

0.1848733 

1.815127 

2.5 

1.670267 

4.884655 

1.616063 

0.2108547 

2.289145 

3 

1 .757906 

5.332317 

1.697631 

0.234471 1 

2.765529 

4 

1.904032 

6.121005 

1 .832922 

0.2766213 

3.723379 

5 

2.024377 

6.809978 

1.943678 

0.3139217 

4.686079 

6 

2.127517 

7.428597 

2.038125 

0.3477357 

5.652265 

7 

2.218261 

7.994207 

2.120862 

0.3788855 

6.621115 

8 

2.299598 

8.518053 

2.194736 

0.407913 

7.592087 

9 

2.37352 

9.007915 

2.261644 

0.4351973 

8.564803 

10 

2.441432 

9.469436 

2.322919 

0.4610168 

9.538983 

11 

2.50436 

9.906858 

2.379532 

0.4855826 

10.51442 

Figure  5 


^mo^com^CsJocooNoiDh-vncoNNcrincDco 


’^-^■^•^CNicNicNicNicNjcoco'CTf  locbtoi^’r^coiojo) 


^  r>  N 
mm 
o  ii  Tj-  m 
D.  ^  to  •C“ 
LU  0  —  m 
;T‘  ^  o 
_«  O  m  r>. 
■|  W  d  d 


mfococof>.®commo>cof^rs. 

com^Trco^tDc\jmN.oom 

coo5cooo^cvjmc\j--NcriCNj 

r^.f^.mmcjocNJO'^CMcof^o 

^CO^OOCimOCNJCOTTON. 

Ncocom'o^^*csj^om 

f>»cocoo  ^  ^  ^  ^ 

dddd  — 


ocgh^r^^ccMcom 
ocorv^(Dc:mcoco 
oocomcNju-  co’c’c 
r^-^^Ncoct^-*-© 
moc\jCNj-'-r:co^m 

N;C)qT-C\JC\c^^j^ 

^  CO  CNj  CNj  r,  CO 


o 

CO 

N  CO 
11  ©  CO 
V  N  CO 

.£•  d 
x: 
u 


c^-'-’^^'cr^^'^-t-^cocoLor^ 

0)(0(otoco^r>.o*^moo^ 

cor>.®co©^^<ommmcMh« 

mmoco^©c«^(Oo>cvo© 

•^omocococooco^OLO^ 

mmqqs-^qmfN.^p©coh^ 


^  ^cofococ^mmco 
cocoor^co  —  ■**^o 
o©coKoccomco 
COCDCDS-^n^^N 
or>*mco^cm^Tr 


w  CO  ©  © 


CM 

^  CO 
o  j|  CO 
D.  w  m 
iU  e  'T 
fV  ^ 

w  U  o 


rs.cocT;cMomcoco 
f>.<0©COCOCO®CMO©*^(OCOCOm^h-CMCOTrh->^^ 
^S2!ir^Si!^^'T®^^f^c‘Jcor^co©mcD-“0(OCD 
ooq<o©cMcom©cocM’cco©  —  (om^©LOotoo 
^COO’CmmcOOCOCMCOON^^^^^CDCOC^OCM 
^ooo-^cocorrTrmmcco^co^cDh^coo^CMfQ 


d  d  d 


’^’-’-’^-“COCOCMCMCOCor.COCO 


£  E  ?* 


CMO©^©CM'^^C«(O©C0'COC0C0(0^tDC0CCC0mC0 

—  nSmcoi^^m^m^corCK 
SS?^£^^^^®^^C>CO^OC»-“^©^C0f0C0(O(O 

b[iiG®J^^‘^i:C?^^f^c^cocoocooN-»j“m^ro^r^o 
c§“:qT.r-^qqco*c;mN.pLOomor^Tfop  —  mom 
^  ^  ^  ^  ^cocNjcsicMCMCMco'c^’mmdrNiNscbdd 


C  5  S 

^  N 

CU  ^ 

C:  ^  m 

C  CO 
1=  l1  CM 


o  ^  ^ 

O  O  £ 

I J© 

CO  _o  ^ 

Z  o  <* 

-J  o 
-  O  C. 
~  ^ 
>  5  CM 

2_J  CO 

o 

O  D5W 
^  C  CO 
rH  "M- 
C  O  CM 
—  CD  ^ 


I  o  > 

O  X  0 

^2  o  « 
tl  ^  o 

—  CO 
^  O  13 
O  z 

C  •=  Q) 

=  s 

C  (3  O 

3  0“ 

3  9  § 
0^0 


E  -  E‘ 

5  ^  ^ 

3 

6  ..  II 

r4,  ^-2 

®  °  d 

'-'  S'  ” 
« 

S  -  N 
<=  . 
g  2  E 

b  c  E 

>■  -  55 

X  o  52 
o  re  to 

Q.  33 
UJ  <  II 
_  Q. 

o  5  3 

i  §  «■ 

r-  -.  «JC 

o  G 

O  „  fE 

_  W 

ct  C3  o. 

E  S  3 

g  O 

9  K  w 


CDO^CMOCOm^^ 
CON^OOCOCOOO) 
CDN^NCOCOCO'^tt 
OCOCONO  —  O^CD 


CO  N  O  —  O  ^ 

,8§2?^?:2 


Sso^coomco 

Od)COCDO'C'‘^CO 

'^•«rcoo>oc^mh» 

^CDOOCOCO-VK 

mcococr^ococD 

com 

•^  ^  •^  •*-'  Cv  CO  CO 


o 

o 

?o 

c 

Ci 

<0 

E 

t 

o 

o 

E  s 

cc 

CO 

o 

CO 

CO 

o 

E-02 

001 

CO 

rr 

l( 

X 

o 

CO 

II 

li 

m 

w 

1( 

X 

a 

i  - 

h- 

o 

c 

LU 

O  X 

w  d 

ili 

rr  o 

m  D, 

CM  ® 

”  N 

^  (5 
>.  ^ 
•*=  CM 

C 

X 

t- 

c  o<  om'^m'r-’^cooocoh- 
CMOwNCMmcoTTco-rrmocomco 
cMpOjmtoomcMO^rcococ^oo 
ooocMCM^roo^mm^oc*.  rN.cM 
''j‘c->C4C«*ococOp^O)Tr03rco5to 
(-qojqiON.oj'^cvi^ioi^reroo 

2'“'^'“'^'^'^  CM  CMCMCOCO'^r 


CO  c*  r:  CO  CO 
CM  CM  (O  CO  rr 


^  V  o 

5^^- 

_  _  II 
c;  i  CD 

t  «  CD 

i  gc: 

I-  c 
^  2  n 

V)  y- 

>  'g  § 

cv.'  C  o 
u.  _  to 
c  re 
O  E  II 


ommcMcoco'^co  —  ocMcomoco 
CMCM'^CDCMCOCOmCDOCOCO—  COtt 
S^f2:fJSs:S2?2<^o  —  CMC)  —  0)0 
CMOOCOCOCOO'^COCOCMOCCOCO 

^U0c«.c«.c«.c0f>.0^^^0)0(0^ 

‘0)'Cp'*-^CM^mr^C00003:;N«0 
o  o 


0)coKmmcMf>*mr>*o)^CM-^cO'^ 
X£2XS^in*^^Z’"^^c^ic^ocM 
coocoocM^^cocoo'^m—  mco 
nSxG®2c’^’^^'^c^'^cnooco-^ 
wpcoco^comcO'^i^CMmoomco 
o  —  fO'^cco^o^co'rm—  too 


—  m  —  cocvuo^mcM 
CO  —  ^oom^O'c 
co^cocoo—  toco- 
^ccoococvTr—  r^r- 
mcorN.rN.m  —  (oo)co 

f^OCM^OOOOCO 

csicococodHco^rV 


UOttOONttCOCON. 
^rrio^cr:nTrco3r 
m  —  CM  m  cn.  m  CO  m  CM 
cococoorromcocD 
cocMcoN«c\coomr>* 
^^m  —  N.coocor^  — 
rrmddsNJcrcoc) 


mco^-  —  cocotD  —  O) 

ocomcoNO^oco 
m  —  omco  —  TT  — 
o  —  cM'M'Cmh-cor>* 
coo—  coc\Tr^coo 

coop  —  '«rpcOOCM 
cococo^'TM'^’mm 


m  —  cococcomcocM 
^oooccocoo'^ 
comcorru^cocooco 
TTomcoL^cocococo 
r^Nco^L*:^coo  — 
•c*  —  r^coc^r^cMco 


CMCMCMCMCOCOCOTTTrmmCOC 


mcpr^oco  —  tocococomm  —  com 
cDocom^mcocMcof>«coo)c-  —  CO 
CpCD^rrCMOOCO  —  COfvcO—  NO 
ococMCMm'cN^coo  —  cosjmco 
*X  2’^^^m*coo>  —  CMcoN^  tt 
—  —  —  —  CMCMCMCMCOCO 


CO  —  NCDC^mO)'^ 
'^CMOq^—  Qco® 

CMCO  —  O  —  tOO)O)C0 

coNtotocco^com 
pcooN  —  cocMom 
Npmp'C;NOCM^Q 

CO  'g*  ^  m  lo  m*  CD  (d 


n^—  mpmp'^mpNpp—LOCMmco’^mcoNcooo 


•^ooooooo 


5  II 
o  w 
^  u.  C 


I 


Figure 


ower  Density  In  W/cm''2,  Vortical 


MgOwEpx  3 


MgO  Substrate 

Calculation  of  HTSC  Temperature  vs.  P/A  in  MCM  v^ith  LN2  Nucleate  Boiling  R.  C.  Eden  June  1991 
1-D  Calculation  of  HTSC  AT  in  Nucleate  Boiling  LN2  Cooled  MCM  iAT=T-Tsat  where  Tsat=77°K  nom], 
Convective-Nucleate  Xover  @  ATX=  .15429248  °K  @  P/A=  0.00133235172  VV/cny'2,  w/o  N2  subcooling 

Thermal  Conductivity  of  Epoxy  Die  Attach  (e.g.  0.4W/m  °K),  KEPX=  .40000  W/m°K 
Thickness  of  Epoxy  Die  Attach  in  mils,  Zepoxy=  3  (or  7.62001 6E-02  mmi 
Si  Chip  Thickness,  Zchip=  .635  mm,  Zsubstrate=  1  mm,  Zepoxy=  .003  incnas 

MCM  Substrate  Material  is  MgO  with  Thermal  Conductivity  of  KsLJb=  200  W/m°K 
For  1  cm'^Z  area,  the  Thermal  Resistances  (in  ‘’K/V/-cm''2)  are: 

RSI=  4.535714E-03  REPXY=  1.905004  RSUB=  .05  RTOT=  1.95954 


3  mils  Unloaded  Epoxy 


P/A[W/cm^2]= 

T(HTSC)°K= 

T(chip)‘’K= 

T(Substrt)= 

P/A(Sucstrt) 

P/A(Chip-N2) 

0.1 

0.7864558 

0.8711601 

0.7842378 

0.04435851 

0.05564149 

0.15 

0.9379986 

1.06168 

0.93476 

0.06477047 

0.08522952 

0.2 

1.061388 

1.222649 

1.057166 

0.08^5002 

0.11555 

0.25 

1.167095 

1.364789 

1.161918 

0.1C35299 

0.14647 

0.5 

1.260419 

1.493572 

1.254314 

0.12209SS 

0.1779012 

0.4 

1.421273 

1.722881 

1.413381 

0.1579452 

0.2420548 

0.5 

1.558273 

1.925572 

1.548656 

0.1S23491 

0.3076508 

0.6 

1.678627 

2.109318 

1.667349 

0.2255469 

0.3744532 

0.7 

1 .786572 

2.278674 

1.773687 

0257707 

0.4422931 

0.8 

1.884836 

2.43661 

1.870388 

0.2839564 

0.5110435 

0.9 

1.975292 

2.585189 

1.959323 

0.3153948 

0.5806053 

1 

2.059292 

2.725917 

2.041837 

0.3451024 

0.6508976 

1.5 

2.410968 

3.3441 

2.386534 

0.4386687 

1.011331 

2 

2.689357 

3.866964 

2.658522 

0.6166969 

1.383303 

2.5 

2.922789 

4.328414 

2.885983 

07361069 

1.763893 

3 

3.125354 

4.745964 

3.082919 

0.&4.S6913 

2.151309 

4 

3.457538 

5.487618 

3.414643 

1.C578S9 

2.942111 

5 

3.752763 

6.140816 

3.690233 

1 250551 

3.749409 

6 

3.999181 

6.730844 

3.927654 

1 .430535 

4.569465 

7 

4.217218 

7.272824 

4.137209 

1.50018 

5.39982 

8 

4.413473 

7.776659 

4.32541 

1.751255 

6.238745 

9 

4.59241 

8.249254 

4.496657 

1.91504 

7.08496 

10 

4.757204 

8.695654 

4.654078 

2.362513 

7.937487 

11 

4.910202 

9.119678 

4.799979 

2204446 

8.795555 

Figure  9 


1mm  MgO  Siibstrato  MCM,  3  mil  Unloaded  Epoxy  Die  Allach,  t-D  Thermal  Analysis  with  LN2  Pool  Boiling  (no  subcooling  or  forced  convection) 


Horizontal  is  Chip  Powor  Density  in  W/cm''2.  Verlicnl  is  AT=T-Tsal  [Tsal=77°K  nom]  for  1C  (Top),  HTSC  layers  and  Substrate  (Bottom) 


Figure  1.1 


p 


Horizontal  is  Chip  ^^ower  Density  in  W/cm^2.  Vertical  is  AT=T-Tsat  [Tsat=77-’K  nom]  tor  1C  Chip  (top)  and  HTSC  Interconnects  (Bottom) 
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Section  2.0 


2.1.  Application  of  Superconductivity  to  Motors  and  Generators 

As  a  result  of  five  visits  and  numerous  conversations  with  American  Superconductors 
Inc.,  we  have  concluded  that  this  company  (a)  has  a  significant  technology  to  offer  and 
(b)  has  been  completely  by-passed  as  far  as  government  R  &  D  support  is  concerned. 
They  have  been  totally  supported  by  Venture  Capital  Funds.  They  have  done  an 
excellent  job  in  training  consortia  with  industry  to  supplement  the  V.C.  funds.  They 
have  made  significant  progress  towards  application  of  their  wires  to  the  high  and  large 
motor  market  and  promise  to  be  in  production  within  three  years  with  a  faculw  of 
generic  coils.  Their  initial  customers  (real)  are  the  utilities.  We  have  significant 
experience  in  this  market  niche  and  do  believe  we  can  help  this  company.  The  utility 
motor  market  can  be  significant  and  utilities  have  the  incentives  to  use  superconduct¬ 
ing  motors:  energy  saving  and  lower  "effective  cost".  However  these  companies  are 
conservative  and  follow-the-leader  types.  This  means  that  American  Superconductor 
must  work  with  selected  utility  companies  that  play  leadership  roles,  have  the  cash, 
and  the  R&D  staff  to  develop  and  test  these  motors.  To  them  reliability’  is  a  major 
issue.  Should  these  "Leader"  companies  accept  the  Superconductivity  technologies 
then  the  other  hundreds  of  utilities  will  follow.  We  should  like  to  highlight  a  major 
point:  DARPA  supports  many  universities  and  labs  to  research  and  few  companies  that 
will  absorb  and  merchandize  the  superconductivity  technology.  Should  American 
Superconductor  go  under,  the  question  is  this:  What  happens  to  the  research;  where 
is  the  outlet?  It  is  important  for  DARPA  to  see  to  it  that  each  R&D  program  has  a 
smooth  path  to  the  merchant  market.  Generally  speaking,  R&D  accomplishments 
that  stall  and  do  not  get  applied,  get  picked  off  by  Japanese  enterprises. 
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2.2.  Superconducting  MCM  Technology 

Several  meetings  took  place  with  MIT,  Cornell,  Livermore,  STI,  Conductus,  E-Sys¬ 
tems,  Cray,  Datamax,  and  Carrier  regarding  the  development  of  SC-MCM.  Progress 
has  been  accomplished  in  program  leadership,  by  bringing  together  the  teams,  and 
improving  the  confidence  level  in  the  film  processing  technology.  However,  more 
work  meets  to  be  done  from  a  system  overview.  It  is  imperative  that,  since  now  it  has 
become  more  clear  that  this  technology  has  pay-offs,  a  more  detailed  look  should  be 
undertaken  to  better  understand  all  system  issues.  Discussions  with  Datamax  and 
Cray  reveal  that,  indeed  this  technology  can  be  exciting,  but  according  to  Tony  Vacca 
of  Cray,  he  likes  to  see  a  more  in-depth  system  analysis  done  to  insure  that  all  issues 
are  identified  and  prioritized.  Towards  that  end  we  asked  Loyd  Thorndyke  and  Tony 
Vacca  to  detail  their  ideas  in  white  paper  and  that  in  a  few  weeks,  be  ready  to  present 
them  to  E-Systems,  DARPA,  and  Quad.  We  also  encouraged  both  Cray  and  Datamax 
to  visit  the  superconductivity  vendors  to  get  a  feel  for  the  film  processing  technology. 
We  also  recommend  that  soon  after  the  start  of  the  program,  a  review  be  held  at  Cray 
for  the  purpose  of  exchanging  ideas.  We  think  an  early  interaction  with  an  end  user 
can  be  very  beneficial  to  all  panicipants. 


Passive /i-Wave  Devices 

As  we  mentioned  in  previous  report  this  market  niche  is  very'  small  and  will  even  get 
smaller  as  DOD  budgets  shrink.  It  behooves  the  superconductor  vendors  to  under¬ 
stand  this.  Their  only  salvation  is  to  vertically  integrate  and  leverage  their  devices  by 
selling  front-ends.  But  they  have  little  experience  in  this  area.  It  seems  to  us  that 
partnering  with  system  houses  may  be  a  good  idea.  We  therefore  introduced  STI  to 
top  management  at  E-Systems  for  the  purpose  of  discussing  this  idea.  Curtis  Ritchie, 
V.P.  of  the  Garland  Division  seems  receptive  to  the  idea  and  plans  are  underway  to 
meet  for  this  propose.  It  seems  to  us  that  this  may  give  STI  and  Conductus  an  avenue 
to  a  somewhat  larger  market  and  a  healthier  stay  until  the  MCM  market  begins. 
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2.4.  Universities 

We  have  interacted  with  several  universities  on  the  establishment  of  MCM  curriculum 
so  that  students  can  be  trained  in  MCM  technology  and  be  ready  to  contribute  to  the 
industry  in  a  more  opportune  time. 


2.5.  Another  MCM  Team 

Significant  ground  work  has  been  done  on  the  formation  of  another  SC-MCM  team 
should  funds  be  available  to  kick  it  off. 
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